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1 HEAT, TEMPERATURE, AND INTERNAL ENERGY1 Heat, Temperature, and Internal EnergyName Setion DateObjetiveTo investigate the relationship between heat and temperature.Apparatus
• Glass beaker
• Hot plate
• Ie
• Data Studio software and temperature probe
• Clamp and standTemperature of a Substane as a Funtion of Heat TransferAs part of our quest to understand heat energy transfer, temperature, and internal energy of a substane, let'sonsider the temperature hange as ie is hanged to water and then to steam.Ativity 1: Prediting T vs. t for WaterSuppose you were to add heat at a onstant rate to a ontainer of ie water at 0◦C until the water begins toboil. Sketh the predited shape of the heating urve on the graph below using a dashed line. Mark the pointsat whih the ie has melted and the water begins to boil.
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Ativity 2: Measuring T vs. t for Water(a) To test your predition:1. Fill the glass beaker at least half full of ie water and set it on top of the hot plate.4



1 HEAT, TEMPERATURE, AND INTERNAL ENERGY2. Suspend the temperature probe so that the end is submerged in the ie water but not touhing the side orbottom of the beaker. You will need to use the lamp and stand to do this.3. Open the Heat, Temp, & Internal Energy appliation in the 132 Workshop folder on the Start menu.4. Turn on the hot plate and lik the Start button on the monitor to begin reording data. The temperatureof the water will be reorded on the graph shown on the monitor. While there is still ie, stir gently.5. After the water begins to boil, turn o� the hot plate and stop olleting data using the Stop button onthe monitor.6. Sketh the shape of the measured heating urve on the above graph using a solid line. Ignore smallvariations due to noise and uneven heating. Mark the points at whih the ie has melted and the waterbegins to boil.(b) Does your predition agree with the measured heating urve? If not, what are the di�erenes?
() What is the relationship between the temperature and the added heat while the ie is melting?
(d) What is the relationship between the temperature and the added heat after the ie has melted, but beforethe water begins to boil?
(e) What is the relationship between the temperature and the added heat while the water is boiling?
(f) If there are regions of the heating urve in whih the temperature is not hanging, what do you think ishappening to the added heat in these regions?
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2 CALORIMETRY2 CalorimetryName Setion DatePurpose
• To learn to use a method for measuring heat alled alorimetry.
• To use alorimetry to determine the spei� heat of aluminum and the heat of fusion of ie.Apparatus
• Hypsometer and stand
• Hot plate
• Aluminum pellets
• Ie
• Triple-beam balane
• 100◦ C thermometer or temperature meter
• Temperature probe
• Safety goggles
• DataStudio software (Calorimetry)IntrodutionCalorimetry is a method for measuring heat. As applied in this experiment, the method involves the mixingtogether of substanes initially at two di�erent temperatures. The substanes at the higher temperature loseheat and the substanes at the lower temperature gain heat until thermal equilibrium is reahed.Ativity 1: Statement of Conservation of EnergyIf no heat is transferred to the surroundings, what is the relationship between the heat lost by the substanesinitially at high temperature and the heat gained by the substanes initially at low temperature? Note: This issimply a statement of onservation of energy. 6



2 CALORIMETRY

Cup
Outer Can

Fiber Ring

Lid

Experimental EquipmentA alorimeter, shown in the above �gure, is used in this experiment to minimize the exhange of heat betweenthe system and the surroundings. The inner alorimeter up is thermally insulated from the surroundings bysuspending it on a ring of material with low heat ondutivity and surrounding it with a layer of air. Also theup is shiny to minimize radiation loss. Hene, if the mixture of substanes is plaed inside the alorimeter up,the heat lost to or gained from the surroundings an be ignored, and the above relationship an be used. Theonly part of the alorimeter whih is involved in the alulation is the inner alorimeter up whih ontains waterand in whih an exhange of heat between the hot and old bodies takes plae. The up will undergo the sametemperature hange as the ontained water. Of ourse, an instrument will have to be introdued to measure thetemperature of the system, but the heat gained or lost by the instrument is small and an be ignored.Ativity 2: Spei� Heat of Aluminum(a) Fill the hypsometer (boiler) at least half full of water and start heating the water.(b) Determine and reord the mass of the hypsometer up, mh. Then �ll it about half full with dry aluminumpellets. Determine and reord the mass of the up and pellets, mhp, and alulate the mass of the pellets, mp.Reord the measurements in the spae below.() Plae the up in the top of the hypsometer and put the temperature probe into the middle of the pellets.(d) Determine and reord the mass of the alorimeter up, mc. Fill this up about half full of old tap water.Determine and reord the mass of the up and water, mcw, and alulate the mass of the water, mw. Then plaethe alorimeter up in the outer an and put the lid on.(e) Fill the plasti beaker with ie water. Open the Calorimetry appliation in the 132 Workshop folder in theStart menu and start olleting data. To make sure the thermometer is working properly plae the temperatureprobe in the ie water and hek that it is reading approximately 0◦C. If not, then onsult your instrutor. Next,insert the temperature probe through the hole in the lid of the alorimeter and into the water.7



2 CALORIMETRY(f) When the temperature of the pellets beomes onstant, at or near 100◦C, stir the water in the alorimeterGENTLY with the thermoouple and reord the temperature of the water as Tw. Also reord the temperatureof the pellets as Tp. Then remove the thermoouple from the alorimeter.
(g) Now, quikly but arefully, pour the pellets into the water in the alorimeter up. Put the thermoouplebak into the alorimeter up. Stir the water oasionally with the thermoouple and monitor the temperatureof the mixture. When the temperature levels o�, reord this value as T.
(h) Write the omplete heat equation and solve for the unknown spei� heat of the metal.

(i) Look up the aepted value for the spei� heat of aluminum and alulate the perent di�erene between thisvalue and the one you determined above. Do the two values agree within experimental unertainties? Commenton possible soures of error.
Ativity 3: Spei� Heat of Metals(a) Repeat steps 2.a-2.i with pellets of a di�erent metal besides aluminum. Reord the the type of metal, the massof the pellets, the temperature of the pellets just before you pour them in the old water, and the temperatureof the ombined pellets, water, and up.
(b) Write the omplete heat equation and solve for the unknown spei� heat of the new metal. Note thealorimeter up is made of aluminum. 8



2 CALORIMETRY() Look up the aepted value for the spei� heat of your new metal and alulate the perent di�erenebetween this value and the one you determined above.
(d) Consult the other lab groups in lass and reord their values of the spei� heat of aluminum and the seondmetal below. Calulate the average and standard deviation for eah metal. Can you spot any trends in yourdata?

(e) The spei� heats you measured above were in units of J/kg −K. It is more illuminating to express the thespei� heat in units of J/mole−K; proportional to the spei� heat per atom. Do this for eah of the averagesand standard deviations you obtained in part 3.d by multiplying the result for eah metal by it molar mass.Reord the results below. Can you spot any trends in your data now? What e�et do the standard deviationshave on your onlusion?

Ativity 4: Heat of Fusion of Ie(a) The heat of fusion of ie is found experimentally as follows: A known mass of warm water is plaed in thealorimeter up and its temperature reorded. A known mass of ie at 0◦C (with no water) is added to the waterand allowed to melt. The �nal temperature of the mixture after the ie has melted is reorded. Perform theexperiment and reord the data in the spae below.
9



2 CALORIMETRY(b) Write the omplete heat equation and solve for the unknown heat of fusion of ie.

10



3 BOYLE'S LAW3 Boyle's LawName Setion DateObjetiveTo investigate the relationship between the pressure and volume of a gas.Apparatus
• DataStudio 750 Interfae
• Paso Pressure Sensor
• Syringe
• Tubing

Quick−release
connector

L∆
To

Computer

Sensor
Pressure 1.5−cm tubing

Syringe body

Apparatus for Boyle’s Law.IntrodutionThe behavior of a gas an be desribed in terms of the marosopi quantities: temperature (T), pressure (P),and volume (V). The relationship between these quantities is given by the equation of state of the gas. A realgas behaves approximately as an ideal gas if it is far from liquefation. In that ase, the equation of state ofan ideal gas an be used to desribe a real gas. For a given mass of a gas, if one of the quantities P, T, or Vis hanged, a hange in the other two quantities probably will result. However, if one of the quantities is keptonstant, the relationship between the other two an be studied. The relationship between pressure and volumeof an ideal gas is alled Boyle's law.The experimental apparatus is shown in the �gure above. The gas is air ontained in a syringe that has markingon its side to measure the volume of the syringe. A short tube onnets the syringe with a pressure sensorthat measures the pressure in the tube and onverts that measurement into a signal that an be read by theDataStudio interfae.Ativity 1: Relationship Between P and V of a Gas(a) Chek that there are no leaks in the apparatus by trying to ompressing the syringe from the 20.0 ml positionto the 10.0 ml position. It should beome inreasingly di�ult to push the plunger as the volume dereases. Ifthis is not the ase, hek the ouplings for �t. If no problem is obvious, then onsult your instrutor.
(b) The initial volume of air in the syringe should be set at 20.0 ml. If your syringe is set to some other value,disonnet the quik release onnetor from the sensor by gently rotating it in the ounter-lokwise diretion as11



3 BOYLE'S LAWyou look from the syringe toward the pressure sensor. Next, move the piston to the 20.0 ml position, and thenre-onnet the quik release onnetor to the pressure sensor.() Data Reording. Open the Boyle's Law ativity loated in the 132 Workshop Folder under the Startmenu. Clik on the window labeled Volume and Pressure Table. This is where your data will be displayed as youreord it. This table display will show the values of the gas volume in the syringe whih you will set by movingthe piston to the appropriate marking on the syringe. You will reord the pressure at eah of these settings withthe pressure sensor. To begin reording data, make sure the piston is at the 20-ml setting, and lik the Startbutton. The Start button will hange to a Keep button and the table display will show the value of the pressurenext to the �rst volume value (20 ml) in the table. The reading in the pressure olumn should be olored red.Clik the Keep button to reord this pressure (notie the reading in the Pressure olumn beside the 20-ml entryhanges from red to blak). The next setting for the volume (18 ml) will appear in the Volume olumn of thedata table display.NOTE: For the �rst pressure reading at 20 ml, the air in the syringe will be in thermal equilibrium with theenvironment. This will not be the ase immediately after ompressing the syringe for the next reading. Therefore,you must allow one seond for the system to return to thermal equilibrium after you ompress the syringe andbefore liking on Keep to reord pressure values.(d) Compress the syringe to the next value of the volume as listed in the data display table (i.e., the windowlabeled Volume and Pressure Table) and wait one seond for the system to reah thermal equilibrium. Onethermal equilibrium is reahed, lik Keep to reord the pressure. The data table display will automatiallyhange to show the next value of the volume at whih the pressure will be measured.(e) Repeat step (d) for the remaining values of the volume listed in the table display. In other words, ontinuetaking pressure measurements at the presribed volume values in the data table display by moving the pistonto the presribed value and liking on Keep after thermal equilibrium is reahed. After you reord the pressurefor the last volume (8 ml), lik the small, red box next to the Keep button (this is the stop button) to end datareording.(f) Analysis. Clik on the GraphDisplay to examine the plots of Syringe Volume Reading vs. Pressure, andthe Volume to Pressure ratio (as a funtion of measuring time). Print the GraphDisplay and attah it to theunit. What happened to the pressure when the volume was redued from 20 ml to 8 ml?
(g) From looking at the data, do the pressure and volume seem to be diretly or inversely proportional? Explain.
(h) Copy your data into a spreadsheet and plot pressure versus volume. Next, �t your data with some power ofthe volume. Reord the result here. What should you get for the power? Why?12



3 BOYLE'S LAW(i) If pressure and volume are inversely proportional, then what an you say about the produt of pressure andvolume? Explain.
(j) Construt a table in the spae below with the olumn headings: V (ml), P (kPa), and PV. What are theunits of the last olumn? Add your answer to the heading for that olumn. Enter the results for P and V in thisnew table and alulate PV for eah set of readings. Determine the mean value and the standard deviation σfor PV. Reord the results in the form PV = Mean ± σ . What does this result tell you about the produt PV?What does it tell you about the relationship between P and V? Explain.

(k) You may have notied that the syringe plunger does not always return to the 20 ml mark at the end of adata run. Give three reasons why this may happen, and explain whih is most likely and why.
(l) Examine the plot below with results from two di�erent data runs. How do you explain the di�erene betweenthe urves for the di�erent tubing lengths (△L in the diagram on page 11)?13



3 BOYLE'S LAW

Results of measurement with Boyle's Law apparatusdi�erent values of △L, the tubing length.
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4 THE P-T RELATIONSHIP OF A GAS4 The P-T Relationship of a GasName Setion Date +ObjetivesTo investigate the relationship between pressure and temperature for a onstant mass of gas at onstant volumeand determine the value of absolute zero.Apparatus
• Pressure sensor
• Temperature sensor
• Air hamber and tubing
• Hot plate
• Glass beaker
• Clamp and stand

Temperature sensor

Don’t let the temperature 
sensor touch the container.

Pressure Sensor

Air chamber

Hot plateFigure 1: P-T apparatus.IntrodutionThe behavior of a gas an be desribed in terms of the marosopi quantities: temperature (T), pressure (P),and volume (V). The relationship between these quantities is given by the equation of state of the gas. A realgas behaves approximately as an ideal gas if it is far from liquefation. In that ase, the equation of state ofan ideal gas an be used to desribe a real gas. For a given mass of a gas, if one of the quantities P, T, or Vis hanged, a hange in the other two quantities probably will result. However, if one of the quantities is keptonstant, the relationship between the other two an be studied. The relationship between temperature andpressure of an ideal gas has no partiular name assoiated with it.The experimental apparatus is shown in the �gure above and onsists of an air hamber ontaining dry air. Thevolume of the gas is �xed.Ativity 1: P-T Relationship for a Gas 15



4 THE P-T RELATIONSHIP OF A GAS(a) Fill the beaker 3/4 full with old tap water and plae it on the hot plate. Immerse the air hamber in thewater so that most of the volume of the air hamber is submerged. The air hamber will have to be held in plaewith a lamp and stand or it will �oat to the top. Set the temperature sensor in the water in suh a way that itis not touhing the side or bottom of the beaker.(b) Open the P-T ativity in the 132 Workshop Folder under the Start menu. Clik on the window labeledTemperature and Pressure Table. This is where your data will be displayed as you reord it. This table displaywill show the values of the gas pressure in the air hamber and the temperature of the heat bath. To beginreording data lik the Start button on the DataStudio interfae. The Start button will hange to a Keepbutton and the table display will show the values of the temperature and pressure. Clik the Keep button toreord this temperature and pressure.() Turn the hot plate on high. As the temperature rises, lik the Keep button when the temperature is 5-7◦above its �rst value. Continue reording the temperature and pressure at 5-7◦ intervals (by liking the Keepbutton) until the water is lose to boiling. You an monitor the temperature on the temperature versus time plotto the right (on the monitor) or by wathing the temperature in the Temperature and Pressure Table. After yourlast reading, lik the small red box next to the Keep button (this is the stop button) to end data reording.(d) How are the pressure and temperature related? Print your data table, enter the data in Exel and plotpressure vs temperature on a linear graph, showing the equation of the graph. Print this graph and add it tothis unit.
Ativity 2: Absolute Zero and the Kelvin Sale(a) The absolute zero of temperature an be de�ned as the temperature at whih the pressure of an ideal gas iszero. Determine absolute zero from the equation of your graph by setting P = 0 and solving for T.
(b) Determine the perent di�erene between your value of absolute zero and the aepted value of -273◦C. Areyou happy or sad?
() Reord the results from the other groups in lass. Obtain an average and standard deviation and reord ithere. Are your results onsistent with the lass average? Explain.
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5 IMPULSE, MOMENTUM, AND INTERACTIONS5 Impulse, Momentum, and Interations1Name Setion DateObjetives
• To verify the relationship between impulse and momentum experimentally.
• To study the fores between objets that undergo ollisions and other types of interations in a short timeperiod.Apparatus
• Dynamis art with �ag and trak
• Fore transduer
• Photogate
• Siene Workshop 750 Interfae
• DataStudio software (Impulse-Momentum appliation)The Impulse-Momentum TheoremReal ollisions, like those between eggs and hands, a Nerfball and a wall, or a falling ball and a table top aretriky to study beause ∆t is so small and the ollision fores are not really onstant over the time the ollidingobjets are in ontat. Thus, we annot alulate the impulse as F ∆t. Before we study more realisti ollisionproesses, let's redo the theory for a variable fore. In a ollision, aording to Newton's seond law, the foreexerted on a falling ball by the table top at any in�nitesimally small instant in time is given by

F =
dp

dt
[Eq. 1]To desribe a general ollision that takes plae between an initial time ti and a �nal time tf , we must take theintegral of both sides of the equation with respet to time. This gives

∫ tf

ti

Fdt =

∫ tf

ti

dp

dt
dt = (pf − pi) = ∆p [Eq. 2]Impulse is a vetor quantity de�ned by the equation

I =

∫ tf

ti

F dt [Eq. 3]By ombining equations [2℄ and [3℄ we an formulate the impulse-momentum theorem in whih
I = ∆p [Eq. 4]If you are not used to mathematial integrals and how to solve them yet, don't pani. If you have a fairly smoothgraph of how the fore F varies as a funtion of time, the impulse integral an be alulated as the area underthe F -t urve.11990-93 Dept. of Physis and Astronomy, Dikinson College. Supported by FIPSE (U.S. Dept. of Ed.) and NSF. Portions ofthis material may have been modi�ed loally and may not have been lassroom tested at Dikinson College.17



5 IMPULSE, MOMENTUM, AND INTERACTIONSLet's see qualitatively what an impulse urve might look like in a real ollision in whih the fores hange overtime during the ollision. In partiular, let's onsider the ollision of a Nerfball with a wall as shown below.
Ativity 1: Prediting Collision Fores That Change(a) Suppose a Nerfball is barreling toward a wall and ollides with it. If frition is negleted, what is the netfore exerted on the objet just before it starts to ollide?(b) When will the magnitude of the fore on the ball be a maximum?() Roughly how long does the ollision proess take? Half a seond? Less? Several seonds?(d) Attempt a rough sketh of the shape of the fore the wall exerts on a moving objet during a ollision.

Veri�ation of the Impulse-Momentum TheoremTo verify the impulse-momentum theorem experimentally we must show that for an atual ollision involving asingle fore on an objet the equation
∫ tf

ti

F dt = ∆pholds, where the impulse integral an be alulated by �nding the area under the urve of a graph of F vs. t.

18



5 IMPULSE, MOMENTUM, AND INTERACTIONSIn this experiment you will investigate this theorem by measuring the impulse and the hange in momentum ofa art undergoing a one-dimensional ollision. The experimental setup is shown in the �gure below. The end ofthe trak with the motion detetor should be raised about 1.5 m so that, when released, the art will ollidewith the fore probe. The fore probe will measure the fore as a funtion of time during the ollision. Themotion detetor is used to measure the veloity of the glider before and after the ollision. You will use theImpulse-Momentum appliation to make these measurements.
Ativity 2: Veri�ation of the Impulse-Momentum Theorem(a) Measure and reord the mass of the art, m.(b) Construt a data table in the spae below with the olumn headings Trial #, Area, vi, and vf . Make enoughroom to reord 10 trials.

() Open the Impulse-Momentum appliation. Hold the art about half-way up the trak and press the TAREbutton on the fore sensor. Start reording data and release the art. Stop reording data after the art ollideswith the fore transduer and bounes bak. The omputer will then display graphs of veloity and fore versustime.(d) Determine the area under the fore vs. time graph and reord the value in your data table. See AppendixB Introdution to DataStudio for instrutions on how to determine the area under a urve.(e) Use the smart tool to �nd the veloity just before the ollision and the veloity just after the ollision fromthe veloity versus time graph. Reord these values in your data table.(f) Repeat parts () through (e) nine times. Be sure to press the TARE button on the fore sensor before eahrun. Print the graphs for one of your trials.(g) Construt another data table in the spae below with the olumn headings Trial #, I, ∆p, and % Di�. Foreah trial, alulate and reord the impulse, I, and the hange in momentum, ∆p, in kgm/s. Also, determinethe % di�erene between the two for eah trial. Also, show a sample alulation of I, ∆p, and % Di� for one ofyour trials. 19



5 IMPULSE, MOMENTUM, AND INTERACTIONS(h) Do your results verify the impulse-momentum theorem within experimental unertainty? Explain.
(i) Is there any indiation of a systemati unertainty? What are the possible soures of error?

20



6 KINETIC THEORY OF IDEAL GASES6 Kineti Theory of Ideal Gases2Name Setion DateObjetiveTo derive a relationship between the marosopi properties of an ideal gas and the mirosopi motion of theunseen atoms that make up the gas. To do this ativity you will need:
• A omputer with an atomi and moleular motion simulationIntrodutionDo you believe in atoms? Our forefathers believed in the reality of withes. In fat, they thought that they hadgood evidene that withes existed, good enough evidene to ause some people of being withes. We believein atoms. Are we truly more sienti� than they were?Ativity 1: Why Atoms!?(a) List reasons why you do or do not believe that matter onsists of atoms and moleules, even though youhave never seen them with your own eyes.

(b) What happens when heat energy is being transferred into a substane? If you believe that substanes aremade of atoms and moleules, how would you use their existene to explain the hange in volume of a heatedgas?
Models of Pressure Exerted by MoleulesSo far in physis we have talked about matter as if it were ontinuous. We didn't need to invent aluminumatoms to understand how a ball rolled down the trak. But ever sine the time of the �fth entury B.C. Greekphilosophers Leuippus and Demoritus, some thinkers have believed in �atomism�, a piture of the universe inwhih everything is made up of tiny �eternal� and �inorruptible� partiles, separated by �the void�. Today, wethink of these partiles as atoms and moleules.In terms of every day experiene moleules and atoms are hypothetial entities. In just the past 40 years orso, sientists have been able to "see" moleules using eletron mirosopes and �eld ion mirosopes. But longbefore atoms and moleules ould be "seen" experimentally, nineteenth entury sientists suh as James ClerkMaxwell and Ludwig Boltzmann in Europe and Josiah Willard Gibbs in the United States used these imaginarymirosopi entities to onstrut models that made the desription and predition of the marosopi behaviorof thermodynami systems possible. Is it possible to desribe the behavior of an ideal gas that obeys the �rstlaw of thermodynamis as a olletion of moving moleules? To answer this question, let's observe the pressureexerted by a hypothetial moleule undergoing elasti ollisions with the walls of a 3D box. By using the lawsof mehanis we an derive a mathematial expression for the pressure exerted by the moleule as a funtionof the volume of the box. If we then de�ne temperature as being related to the average kineti energy of themoleules in an ideal gas, we an show that kineti theory is ompatible with the ideal gas law and the �rstlaw of thermodynamis. This ompatibility doesn't prove that moleules exist, but allows us to say that themoleular model would enable us to explain the experimentally determined ideal gas law.21990-93 Dept. of Physis and Astronomy, Dikinson College. Supported by FIPSE (U.S. Dept. of Ed.) and NSF. Portions ofthis material may have been modi�ed loally and may not have been lassroom tested at Dikinson College.21



6 KINETIC THEORY OF IDEAL GASESAtomi Motion and PressureConsider a spherial gas moleule that has veloity −→v = vx î+vy ĵ+vzk̂ and makes perfetly elasti ollisions withthe walls of a three-dimensional, ubial box of length, width, and height l. Start the program alled "Atomsin Motion" (in "Physis Appliations"). You will see a sreen like the one shown below. Experiment with it fora few moments. The Run and Stop buttons ontrol the proessing of the simulation of the gas atoms while theStep button allows you to wath the `movie' one frame at a time.

Grab the corner to spin the cube

Orientation of coordinates

Output of

Control buttons

‘AVG’

Figure 2: Atoms in Motion window.Can we use the onept of moleules behaving like little billiard balls to explain why the ideal gas law relationshipmight hold? In the next ativity you are to pretend you are looking under a giant mirosope at a single spherialmoleule as it bounes around in a three-dimensional box by means of elasti ollisions and that you an timeits motion and measure the distanes it moves as a funtion of time.If the moleule obeys Newton's Laws, you an alulate how the average pressure that the moleule exerts on thewalls of its ontainer is related to the volume of the box. The questions we have to onsider are the following.What is the momentum hange as the moleule bounes o� a wall? How does this relate to the hange in theveloity omponent perpendiular to the wall? How often will our moleule "hit the wall" as a funtion of itsomponent of veloity perpendiular to the wall and the distane between opposite walls? What happens whenthe moleule is more energeti and moves even faster? Will the results of your alulations based on mehanisbe ompatible with the ideal gas law?Ativity 2: The Theory of Atomi Motion 22



6 KINETIC THEORY OF IDEAL GASES(a) Stop the simulation if it's running and set the number of moleules to one. Do this by liking on the ATOMbutton and getting a dialog box. Enter `1' for the number of Type A atoms and zero for all the others. Reordthe mass of the Type A atom. Clik OK and the ube should now ontain a single atom. If not, onsult yourinstrutor.
(b) The orientation of oordinates an be seen just above the right-hand orner of the ube (onsult Figure 1also). Suppose the moleule moves a distane 2l (aross the ube and bak)in the x-diretion in a time ∆tx.What is the equation needed to alulate its x-omponent of veloity in terms of l and ∆tx?
() Suppose the moleule moves a distane 2l in the y-diretion in a time ∆ty. What is the equation needed toalulate its y-omponent of veloity in terms of l and ∆ty?
(d) Suppose the moleule moves a distane 2l in the z-diretion in a time ∆tz. What is the equation needed toalulate its z-omponent of veloity in terms of l and ∆tz?
(e) We will now measure the average time ∆ty for one omplete round trip from the left side of the ube tothe right side and bak again. Clik AVG and you will see some information printed in the olor blue on theright-hand side of the Atoms-in-Motion window (see also Figure 1). The simulation takes small steps in timeand alulates the positions of the atoms at the end of eah time step. The number of these time steps taken isshown on the right-hand side and the size of eah time step is printed at the top, right-hand-side of the window.Using the Step button let the atom in the ube move until it bounes o� the left wall of the ube. Reord thenumber of time steps in the spae below.
(f) Now run or step the simulation until the atom bounes aross the ube, hits the right-hand wall, omes bakand strikes the left hand wall. Reord the number of time steps. Calulate ∆ty and reord it below.
(g) Eah side of the ube has a length l = 50× 10−10 m. Combine this with the previous result to determine vyand reord it. 23



6 KINETIC THEORY OF IDEAL GASES(h) Repeat the above proedure for the top and bottom walls of the ube to get vz .
(i) Rotate the ube by liking and dragging one of the orners of the ube. Spin it until you an see the atombounes between the walls in the diretion of the x oordinate. Measure the x omponent of the speed of theatom using the same proedure as before.
(j) Write the expression for vtotal in terms of the x, y, and z omponents of veloity. (Hint: This is an appliationof the 3-dimensional Pythagorean theorem.) Determine vtotal for your atom. We will use these results in a littlewhile to alulate the pressure exerted by our one-atom `gas'.
(k) Reord the value of the pressure and temperature for your `gas' (as printed on the sreen).
(l) We would like to eventually �nd the average kineti energy of eah atom or moleule in a gas so we now haveto think about a gas with many atoms. Sine the kineti energy of a moleule is proportional to the square ofits 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 ollisions with the wall perpendiular to the x diretion are elasti, show that the fore exerted onthat wall for eah ollision is just Fx = 2m vx

∆tx
where m is the mass of the partiles and ∆tx the mean intervalbetween ollisions with the wall. (Hint: Think of the form of Newton's seond law in whih fore is de�ned interms of the hange in momentum per unit time so that F = ∆p

∆t .)Warning: Physiists too often use the same symbol to stand for more than one quantity. In this ase, note that
∆p (where �p� is in lower ase) indiates the hange in momentum, not pressure.
(n) Substitute the expression from part (b) for ∆tx to show that

Fx =
mv2

x

l 24



6 KINETIC THEORY OF IDEAL GASES(o) We have assumed from the beginning that we have a ubial box of edge length l. Show that the pressureon the wall perpendiular to the x axis aused by the fore Fx due to one moleule is desribed by the followingexpression.
P =

mv2
x

l3

(p) Let's say that there are not one but N moleules in the box. What is the pressure on the wall now?
(q) Next, show that if we write the volume of our box as V = l3, and realling that

v2
x =

v2
total

3we an write the following expression.
P = N

mv2
total

3V

(r) Finally, sine the average kineti energy of a moleule is just
< Ekin >=

1

2
mv2

totalshow that the pressure in the box an be written in the following way.
P =

2N < Ekin >

3V

(s) Use the previous result to alulate the pressure using vtotal, the mass of the atom, N and V for your one-atom gas. Compare your result with the pressure you reorded above from the output of the simulation. Dothey agree? Explain any di�erenes.
25



7 APPLYING THE KINETIC THEORY7 Applying the Kineti Theory3Name Setion DateObjetiveTo derive the relationship between temperature and the kinemati properties of the monatomi moleules of anideal gas. We will also alulate the spei� heat per mole of an ideal, monatomi gas at onstant volume usingthe kineti theory and ompare the predition with data. To do this ativity you will need:
• A omputer with an atomi and moleular motion simulationKineti Energy, Internal Energy, and TemperatureWe have hypothesized the existene of non-interating moleules to provide the basis for a partile model ofideal gas behavior. We have shown that the pressure of suh a gas an be related to the average kineti energyof eah moleule:

P = 2N〈Ekin〉
3V or PV = 2

3N 〈Ekin〉Pressure inreases with kineti energy per moleule and dereases with volume. This result makes intuitive sense.The more energeti the motions of the moleules, the more pressure we would expet them to exert on the walls.Inreasing the volume of the box dereases the frequeny of ollisions with the walls, sine the moleules willhave to travel longer before reahing them, so inreasing volume should derease pressure if 〈Ekin〉 stays thesame.The Molar Spei� HeatThe kineti theory of gases uses the atomi theory to relate the marosopi properties of gases to the mirosopifeatures of the atoms and moleules that make up the gas. In this laboratory we will extend the alulationsthat we have made so far to inlude the molar spei� heat of an ideal, monatomi gas. The suess of thatextension of the theory depends on how well the alulations reprodue the measured heat apaities of a varietyof real (not ideal) gases.Ativity 1: Experimenting with the Gas Simulation ProgramOpen the Atoms in Motion program (in Physis Appliations) in the 132 folder on the Start Menu. We are �rstgoing to explore the relationship between pressure and volume in our kineti theory using the simulation.(a) Aording to the ideal gas law PV = nRT = NkBT. What should happen to the pressure of an ideal gas asits volume inreases or dereases?
(b) We now want to run a more realisti simulation. Under the ATOM menu set the number of Type A atomsto 50 and set all the others to zero. Clik on the BOX button and a new dialog box will appear. Chek thebox beside `Floor onduts heat' and set the temperature to 200 K. Notie at the top that the box width is
l = 50× 10−10 m. We have now set up a situation where one side of the ube is held at a onstant temperature(e.g. it's sitting on a stove) so the ollisions of the atoms with the �oor are no longer elasti. The remainingsides of the ube do not transfer any energy (they're insulated) so elasti ollisions still our at those walls.Start the simulation and make sure you are averaging the pressure over many time steps. You should see thenumber of averaged time steps inreasing on the right-hand side of the Atoms-in-Motion window. If you don'tsee this information, lik on AVG and it should appear.31990-93 Dept. of Physis and Astronomy, Dikinson College. Supported by FIPSE (U.S. Dept. of Ed.) and NSF. Portions ofthis material may have been modi�ed loally and may not have been lassroom tested at Dikinson College.26



7 APPLYING THE KINETIC THEORY() What happens to the pressure? What happens to the temperature of the gas? You will �nd that it an takeseveral minutes of omputer time for the temperature of the gas to reah equilibrium with the �oor. One thegas temperature is within 8 − 10 K of the �oor temperature, we an onsider the gas and the �oor to be inthermal equilibrium.
(d) Reord the pressure and the volume of four more volumes of the ube. Change the volume of the ube usingthe BOX menu and adjusting the box width. The volume is printed on the Atoms-in-Motion window. Plot yourresults and attah it to this unit. Are your results onsistent with the ideal gas law and your predition in parta? Volume of Box Average Pressure Temperature
(e) In the proedure above you should have found the pressure to be inversely proportional to the volume. Howould you modify your plot to show the pressure is proportional to 1/V? Make suh a plot and �t it. How loseis your data to following a straight line? Attah the plot to this unit.
(f) Aording to the ideal gas law PV = nRT = NkBT. What should happen to the pressure of an ideal gas asthe number of partiles inreases or dereases? We will explore this idea with the simulation next.
(g) Start o� with the gas parameters from the last `run' of the simulation. Reord the number of atoms,temperature, and pressure in the table below. Use the ATOM menu to hange the number of atoms in the ube.Start the simulation. What happens to the pressure? Reord the pressure and the number of moleules for fourmore values of the number of moleules and plot your results. Attah the plot to this unit. Are your resultsonsistent with the ideal gas law and your predition in part (f)?27



7 APPLYING THE KINETIC THEORYNumber of Moleules Average Pressure Temperature
Kineti 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 an we say about the average kineti energy per moleule for an ideal gas? You an derive a relationshipbetween temperature and the energy of moleules that serves as a mirosopi (i.e. moleular) de�nition oftemperature.Ativity 2: Mirosopi De�nition of T(a) Derive an expression relating 〈Ekin〉 and T. Show the steps in your derivation.

(b) In general, moleules an store energy by rotating or vibrating, but for an ideal gas of point partiles, theonly possible form of kineti energy is the motion of the partile. If we an ignore potential energy due to gravityor eletrial fores, then the internal energy Eint of a gas of N partiles is Eint = N 〈Ekin〉. Use this to showthat for an ideal gas of point partiles, Eint depends only on N and T. Derive the equation that relates Eint, Nand T. Show the steps.
The mirosopi and the marosopi de�nitions of temperature are equivalent. The mirosopi de�nition oftemperature whih you just derived is fundamental to the understanding of all thermodynamis!Ativity 3: Calulating the Molar Spei� HeatIn this setion we will generate a series of equations that we will then bring together in order to predit themolar spei� heat at onstant volume. 28



7 APPLYING THE KINETIC THEORY(a) Consider an ideal gas in a rigid ontainer that has a �xed volume. How is the molar spei� heat de�ned interms of the heat added Q?
(b) If the gas is heated by an amount Q, then how muh work is done against the �xed ontainer? Reall the�rst law of thermodynamis and inorporate this result into your statement of the �rst law.
() Now use the equations of parts (a) and (b) to relate the hange in internal energy ∆Eint to the molar spei�heat.
(d) Write down an expression for the hange in internal energy of the ideal gas in terms of 〈Ekin〉. (Suggestion:see part (b) of Ativity 2.) How is 〈Ekin〉 related to the temperature? Inorporate this relationship into yourexpression for the hange in the internal energy. You should �nd that

∆Eint = 3
2NkB∆Twhere kB is Boltzmann's onstant and N is the number of moleules in the gas.

(e) Use the equations is parts () and (d) to relate the molar spei� heat to the number of partiles N andBoltzmann's onstant kB. You should �nd that
nCV = 3

2NkBwhere n is the number of moles. 29



7 APPLYING THE KINETIC THEORY(f) How is the number of moleules in the gas N related to the number of moles n and Avogadro's number NA?Use this expression and the result of part (e) to show
CV = 3

2NAkB or CV

NAkB
= 3

2

Ativity 4: Comparing Calulations and DataWe now want to ompare our alulation of the molar spei� heat of an ideal, monatomi gas with the measuredmolar spei� heats of some real gases. The table below lists some of those measurements.Moleule CV

NAkB
Moleule 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 theoretial alulation been suessful at all? Whih gases appear to be onsistent with our alu-lation? Whih gases are not? How do these two groups of real gases di�er?
(b) Can you suggest an explanation for the partial suess of the theory? Whih one of the original assumptionsthat went into our kineti theory might be wrong?

30



8 EINSTEIN SOLID8 Einstein SolidName Setion DateObjetiveTo develop a quantum-mehanial model of an elemental solid (e.g. aluminum) and introdue the ideas ofstatistial mehanis.Overview of the ModelOne of the earliest suessful appliations of quantum mehanis was done by Albert Einstein in 1907 when hedeveloped a model of an elemental solid (i.e. one that onsists of a single element from the periodi table likealuminum, lead, et.). We start by assuming that eah atom in the solid is bound in a square lattie with eah ofsix neighbors (see Figure 1). Eah bond is treated as a simple spring so the mehanial energy for a single atom is

Fig. 1 Einstein solid.
E =

1

2
m(v2

x + v2
y + v2

z) +
1

2
k(x2 + y2 + z2) (1)where k is the spring onstant of the bond, the oordinates

x, y, and z are relative to the equilibrium position of theatom and vx, vy, and vz are the omponents of the veloity.Einstein used an idea pioneered by Max Plank in 1901 andguessed the energy in the solid ame in disrete piees orquanta that were all the same size. Adding or removingthese quanta heated or ooled the solid. Many years laterthe quantum mehanial energy E for a mass on a springwas found to be
E = (nx + ny + nz +

3

2
)h̄ω (2)where h̄ is Plank's onstant, ω is related to the spring onstant k of the bond mentioned above, and nx, ny, and

nz represent the number of quanta assoiated with eah degree of freedom of the spring. The degrees of freedomhere orrespond to the three possible diretions eah atom an vibrate. The size of eah energy quantum is
ǫ = h̄ω. The total number of energy quanta in the solid is labeled qA so the internal energy is Eint = qAǫ. Wethen assume that all mirostates of the solid have an equal probability of being populated. A mirostate is aspei� arrangement of the quanta on the atoms in the solid.Ativity 1: The Statistis of MatterBefore you embark on building the model of the Einstein solid onsider some ideas from your previous study ofgases. You will make some preditions here about the statistial nature of matter that you an refer bak tolater on in this unit.(a) Consider a gas in a ontainer. Would it violate Newton's Laws or any other physial law if all the partilesin the gas ollided in suh a way that all of the gas partiles ended up in the bottom half of the ontainer leavingthe top half empty?
(b) Is suh a senario likely? Explain.
() If you started out with all the gas in the bottom half of the ontainer how likely is it to stay there?31



8 EINSTEIN SOLIDThe questions you answered above are addressing the notion of irreversibility. Many proesses in nature appearto proeed in one `diretion' only. When you add milk to o�ee it disperses throughout the o�ee. After it isdispersed, the milk never re-onentrates into a blob of milk in the middle of the o�ee. These proesses go froma more orderly on�guration (a onentrated drop of milk) to a disordered state (milk spread throughout theliquid). The reverse never happens. We will return to this notion again in this laboratory.Ativity 2: Calulating the Multipliity of Some `Solids'(a) You will �rst alulate the on�gurations of the quanta (the mirostates) for a VERY simple solid onsistingof a single atom! The number of atoms for solid A is NA = 1 so there are three degrees of freedom Na = 3beause there is one degree of freedom for eah spatial diretion. The atom's vibration an be deomposed intothree omponents, one for eah diretion. Let the `solid' ontain two quanta of energy so qA = 2. Make a tablewith the headings n1, n2, and n3 and in eah row enter one arrangement of the two quanta. Eah row in thetable is a mirostate. Make a table with all of the possible mirostates. The multipliity ΩA of the system isthe number of all possible mirostates. What is your multipliity? Reord it here.
(b) You an alulate the multipliity ΩA using the expression

Ω(NA, qA) =
(qA + 3NA − 1)!

qA!(3NA − 1)!
(3)Make the alulation for NA = 1 and qA = 2. Does this agree with your result in part 2.a?

() Now do the same thing for a di�erent `solid'. This time for solid B, let NB = 2 (two whole atoms!) and
qB = 1. How many degrees of freedom does solid B have? Make a table analogous to the one in part 2.a on thesame sheet as before. What is the multipliity of solid B? Reord it here. Use the expression in Ativity 2.b tohek your alulation.
Ativity 3: Putting the `Solids' TogetherWhen two solids are brought together heat/energy an �ow between the two objets. For the model of theEinstein solid you are building this orresponds to energy quanta (h̄ω) moving from atom to atom and oupyingdi�erent mirostates of the ombined system. 32



8 EINSTEIN SOLID(a) Now bring the your solids A and B `together' into a single system. What is NAB the total number of atoms?What is the number of degrees of freedom of the ombined system?(b) What is the total number of energy quanta qAB for the ombined system?() The system is in its initial marostate. A marostate is a on�guration of the system de�ned here by thetotal number of atoms and quanta in eah solid. In this ase the marostate is de�ned by NA = 1, qA = 2,
NB = 2, and qB = 1. What is the total multipliity ΩAB for the ombined system with qA = 2 and qB = 1 inits initial marostate?
(d) Now take the energy quantum in solid B and put it in solid A, i.e., let heat �ow from solid B into solid
A. This is now a marostate where qA = 3 and qB = 0. What is the new multipliity ΩA for solid A and themultipliity ΩB for solid B?
(e) What is the multipliity ΩAB for the ombined system (solids A and B)?
(f) Remember that a marostate is de�ned by the ombination of NA, NB, qA, and qB. Whih marostate hadthe greatest multipliity, (qA = 2, qB = 1) or (qA = 3, qB = 0) (remember that NA and NB are the same ineah on�guration so we don't list those parameters here)?
(g) If the energy quanta an move from atom to atom whih marostate (qA = 2, qB = 1) or (qA = 3, qB = 0)is most probable? Why?
(h) If you started out in the (qA = 3, qB = 0) marostate is it more likely that you will remain in that marostateof evolve to the (qA = 2, qB = 1) marostate? Why?
What you have disovered is a version of the irreversibility mentioned earlier, One marostate (qA = 2, qB = 1)is preferred over the other beause it has more mirostates than the other. This result depends ritially on yourassumption that all states are equally populated.
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8 EINSTEIN SOLIDAtivity 4: Using StatMeh For More Complex CasesYou should have found in the previous ativity that the (qA = 2, qB = 1) marostate was more likely to ourand the proess proposed in part 3.d is relatively unlikely. In other words, it is more likely for energy to bespread evenly throughout the system. This is good news beause it means the statistial piture we are paintingis onsistent with reality. Remember what happens to the blob of milk in the o�ee.(a) You should realize that making the sorts of alulations you did in Ativity 3 above would beome ratherpainful for say NA = 300 atoms. In order to push the model further you will use a software pakaged alledStatMeh to perform the same alulations. To run the program go to the Physis Appliations menu andlik on StatMeh. You should see a window like the one below. The top of the window has several entry boxes

Figure 2: The StatMeh window showing the table of multipliities for eah mirostate. Eah row orrespondsto a di�erent value of qA.where you an set the number of atoms (NA and NB) and the total number of energy quanta in the system U .The parameter U is the total internal energy int in the system in units of ǫ = h̄ω. It is equivalent to the sum
qAB = qA + qB. You an also set the number of rows of mirostates to print out or hoose to view a graphinstead of the table. To test the operation of StatMeh redo the alulations of the mirostates that you did inAtivity 3. Make sure your results in Ativity 3 agree with the output of StatMeh. You will also see there areother marostates that were ignored in Ativity 3 for simpliity.(b) Now run StatMeh for the ase where NA = 10, NB = 20, U = 500. What is the value of qA for the mostprobable marostate? Reord it here. Clik on the button at the top of the StatMeh window and hoose graph.You will see a graph of the table and it should look something like Figure 3. The vertial axis is the probability ofa partiular marostate divided by the maximum probability of any marostate. The horizontal axis is UA/UTOTwhere UA is the energy of solid A in units of ǫ (equivalent to qA) and UTOT is the total internal energy of thesolid in units of ǫ (equivalent to the total number of quanta qAB). What is the value of UA/UTOT for the mostprobable state? How is this value related to the value of qA for the most probable marostate? Also, explain inwords what this plot is showing you. 34



8 EINSTEIN SOLID

Figure 3: The StatMehwindow showing a graph of the multipliities as a funtion of EA/Eint where EA = qAh̄ωand Eint = qABh̄ω = (qA + qB)h̄ω.
() How wide is the distribution of mirostates? Measure this number by estimating the full-width-half-maximum(FWHM) from your graph. Do this by �nding the largest value on the vertial axis, divide that value by two,and �nd the two points on either side of the peak where the distribution is equal to that half-maximum. Takethe di�erene between these two points along the horizontal and this is the FWHM. Reord your result here.
(d) Now repeat steps 4.b- with U = 100, 000 and NA and NB at their last values. What is the most probablevalue of UA/UTOT and the FWHM? How have things hanged.
(e) Keeping U = 100, 000 now repeat steps 4.b-, but this time double the values of NA and NB. Reord themost probable marostate and the FWHM. Repeat this doubling of the number of atoms in eah solid whilekeeping U �xed at least 3-4 times. Reord the most probable marostate and the FWHM eah time along with
NA and NB. 35



8 EINSTEIN SOLID(f) How does the value of qA for the most probable marostate hange as the number of atoms inreases?
(g) How does the FWHM hange as the number of atoms inreases?
Ativity 5: IrreversibilityYou will now use the results from the previous Ativity to delve into some of the impliations of the statistialmehanis of the Einstein solid.(a) As the number of atoms inreases, what happens to the probability for �nding the system in a marostatedi�erent from the most probable one? Use the results of your alulations to explain your answer.
(b) When the system is in a marostate far from the most probable one, what is the most likely thing to happenas energy or heat �ows around the system?
() For the last alulation in Ativity 4 what is the probability of the state with the minimum value of qA? Inother words what is the probability that all of the quanta would end up all in solid B? What is the probabilityof the most probable marostate?
(d) Go bak to the questions in Ativity 1 and look at your answers. Do they still appear to be orret? Asituation where all of the gas partiles end up in one part of the ontainer is a marostate of the system analogousto the situation in Ativity 5. where all of the quanta end up in one of the solids and not the other. Answerthose questions in Ativity 1 again in terms of mirostates, marostates, and probability.The behavior you are seeing here is for an Einstein solid, but is atually typial for most marosopi systems.These systems have a large number of atoms or moleules with a variety of di�erent energy states available.They evolve to the most probable marostate and there is essentially no hane to oupy a state far from themost probable one. When two materials are �rst put in thermal ontat they may be far from the most probablemarostate, but they equilibrate at that most probable one (where the temperatures are equal) and never gobak. This is irreversibility.
Ativity 6: Homework Problems (E - exerise, P - problem)1. (E) Consider the following `gas'. It onsists of four atoms in a ubial box. At any instant, there is a50% hane of eah atom being in the left half of the box (L) or the right half (R). Make a table showingall the mirostates of this system. (Hint: There are 16.) How many marostates are there? How manymirostates are in eah marostate? 36



8 EINSTEIN SOLID2. (E) Show that for N gas atoms in a box, the number of possible mirostates is 2N when mirostates arede�ned by whether a given moleule is in the left half of the box or the right half of the box. The volumesof eah half are equal.3. (E) Imagine that we have an ideal gas onsisting of 15 moleules. We an �ip the signs of eah of the threeveloity omponents of a given moleule w without hanging its overall energy (and thus without hangingthe gas's marostate). How many possible patterns of sign hoies are there?4. (E) Calulate the multipliity of an Einstein solid with N = 1 and Eint = 6ǫ by diretly listing andounting the mirostates. Chek your work by using equation 3.5. (E) Calulate the multipliity of an Einstein solid with N = 1 and Eint = 5ǫ by diretly listing andounting the mirostates. Chek your work by using equation 3.6. (E) Use equation 3 to alulate the multipliity of an Einstein solid with N = 4 and Eint = 10ǫ.7. (E) Use equation 3 to alulate the multipliity of an Einstein solid with N = 3 and Eint = 15ǫ.8. (E) How many times more likely is that the ombined system of solids desribed in the table below will befound in maropartition 3:3 than in maropartition 0:6, if the fundamental assumption is true?9. (E) How many times more likely is it that the ombined system of solids desribe in the table below will notbe found in maropartition 3:3 than it is to be found in maropartition 0:6, if the fundamental assumptionis true? Maropartition EA EB ΩA ΩB ΩAB0:6 0 6 1 28 281:5 1 5 3 21 632:4 2 4 6 15 903:3 3 3 10 10 1004:2 4 2 15 6 905:1 5 1 21 3 636:0 6 9 28 1 28Total= 462Table 1: Possible maropartitions for NA = 1, NB = 1, Eint = 6ǫ.10. (E) Consider the system onsisting of a pair of Einstein solids in thermal ontat. A ertain maropartitionhas a multipliity of 3.7 × 101024, while the total number of mirostates available to the system in allmaropartitions is 5.9× 101042. If we look at the system at a given instant of time, what is the probabilitythat we will �nd it to be in our ertain maropartition?11. (E) Consider the system onsisting of a pair of Einstein solids in thermal ontat. A ertain maropartitionhas a multipliity of 1.2 × 10346, while the total number of mirostates available to the system in allmaropartitions is 5.9 × 10362. If we look at the system at a given instant of time, what is the probabilitythat we will �nd it to be in our ertain maropartition?12. (E) Consider the system onsisting of a pair of Einstein solids in thermal ontat. Imagine that it isinitially in a maropartition that has a multipliity of 8.8 × 10123. The adjaent marostate loser to theequilibrium marostate has a multipliity of 4.2× 101234. If we look at the system a short later, how manytimes more likely is it to have moved to the seond maropartition than to have stayed with the �rst?37



8 EINSTEIN SOLID13. (E) Consider the system onsisting of a pair of Einstein solids in thermal ontat. Imagine that it isinitially in a maropartition that has a multipliity of 7.6 × 103235. The adjaent maropartition loser tothe equilibrium maropartition has a multipliity of 4.1 × 103278. If we look at the system a short timelater, how many times more likely is it to have moved to the seond maropartition than to have stayedwith the �rst?14. (P) Suppose you put 100 pennies in a up, shake it up, and toss them all into the air. (a) After landing,how many di�erent head-tail arrangements (mirostates) are possible for the hundred pennies? (b) Whatis the probability of �nding exatly 50 heads? () 49 heads? (d) 1 head?15. (P) You ask your roommate to lean up a mess he or she made in your room. Your roommate refuses,beause leaning up the mess would violate the seond law of thermodynamis, and ampus seurity'sreord of your roommate's legal violation is already exessive. Gently but �rmly explain why omplyingwill not put your roommate at risk of suh an infration.16. (P) The lassi statement of Murphy's law reads, `If something an go wrong, it will.' Explain how thisis really a onsequene of the seond law of thermodynamis. (Hint: What is the entropy of `wrong' in agiven ontext ompared to the entropy of `right'?)17. (P) Run the StatMeh program to answer the questions below.(a) For two Einstein solids in ontat with NA = NB = 100 and Eint = 200ǫ answer the followingquestions. (1) How many times more likely is the system to be found in the enter maropartitionthan in the extreme maropartition where EA = 0 and EB = 200ǫ (2) What is the range of valuesthat EA is likely to have more than 99.98% of the time? (3) if EA were initially to have the extremevalue 0, how many times more likely is it to move to the next maropartition nearer the enter thanto remain in the extreme one?(b) Answer the same question as in (a) for a run where you sale everything up by a fator of 10, so that
NA = NB = 1000 and Eint = 2000ǫ.() Answer the same question as in (a) for a run where NA = NB = 1000 and Eint = 200ǫ. Comment onthe e�et that inreasing just the size of the system by a fator of 10 has on these answers.(d) Answer the same question as in (a) for a run where NA = NB = 100 and Eint = 2000ǫ. Commenton the e�et that inreasing just the energy available to the system by a fator of 10 has on theseanswers.18. (P) Consider two Einstein solids in thermal ontat. The solids have di�erent values of N but are identialin all other respets. It is plausible, sine every atom in the ombined system is idential, that in equilibriumthe energy will be distributed among the solids in suh a way that the average energy per atom is thesame. Use StatMeh to test this hypothesis in the situation where Eint = 1000ǫ and NA and NB havevarious di�erent values suh that NA + NB = 1000. (Set Max Rows to 1000 so that you an see everymaropartition).(a) Is it true in most ases that in the most probable maropartition the solids have energies suh thatthe average energy per atom in eah is the same? Is it stritly true in every ase? Answer thesequestions by disussing the values NA and NB you tested, and whether the atual most probablemaropartition is the same as that predited by the hypothesis.(b) In any ase where the hypothesis does not work, does inreasing both NA and NB by a fator of 10or 100 (but leaving U alone) yield a result more or less onsistent with the hypothesis?() Speulate as to the value of this hypothesis in the large-N limit.19. (P) For the following questions, you will �nd that using StatMeh is by far the fastest way to alulate themultipliity.(a) What is the entropy of an Einstein solid with 5 atoms and an energy of 15ǫ? Express your answer asa multiple of kb. 38



8 EINSTEIN SOLID(b) What is the entropy of an Einstein solid with 50 atoms and an energy of 100ǫ? Express your answeras a multiple of kb.20. (P) A ertain maropartition of two Einstein solids has an entropy of 305.2kb. The next maropartitionloser to the most probable one has an entropy of 335.5kb. If the system is initially in the �rst maropartitionand we hek it again later, how many times more likely is it to have moved to the other than to havestayed in the �rst?21. (P) My alulator annot display ex for x > 230. One an alulate ex for larger values of x as follows.De�ne y suh that x = y ln 10. This means that ex = ey ln 10 = (eln 10)y = 10y = 10x ln 10. Note thatwe an alulate 10 raised to a non-integer power (for example, 103.46) as follows: 103.46 = 103+0.46 =
103(100.46) = 2.9 × 103. Use these tehniques to solve the following problem. The entropy of the mostprobably maropartition for a ertain system of Einstein solids is 6025.3kb, while the entropy of an extrememaropartition is only 5755.4kb. What is the probability of �nding the system at a given time in the extrememaropartition ompared to that of �nding it in the most probable maropartition?22. (P) In priniple, the entropy of a isolated system dereases a little bit whenever random proesses auseits maropartition to �utuate away from the most probable maropartition. We an ertainly see thiswith small systems. But is this really a possibility for a typial marosopi system? Imagine that we anmeasure the entropy of a system of two solids to within 2 parts in 1 billion. This means that we ouldjust barely distinguish a system that has an entropy of 4.99999999 J/K (eight 9s!) from one that has5.00000000 J/K. (This is a reasonable entropy for a marosopi system).(a) Imagine that the entropy of the equilibrium maropartition is 5.00000000 J/K. Show that the ap-proximate probability that at any given time later we will �nd the system in a maropartition withentropy 4.99999999 J/K (i.e., with an entropy that is only barely measurably smaller) is about10315,000,000,000,000 times smaller that the probability we will still �nd it to have entropy 5.00000000J/K. (Hint: See problem 17.)(b) Defend the statement that the entropy of an isolated system in thermal equilibrium never dereases.
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9 ENTROPY AND TEMPERATURE9 Entropy and TemperatureName Setion DateObjetiveTo explore the onnetion between the fundamental de�nition of entropy and temperature.OverviewConsider the mirosopi de�nition of the entropy of a system
S = kB ln Ω (1)where kB is Boltzmann's onstant and Ω is the multipliity or number of mirostates. A mirostate is de�nedby a partiular arrangement of energy quanta among the atoms. A marostate is de�ned by the total number ofenergy quanta q and the number of atoms N . We are building a model of an elemental solid (e.g., like aluminum)where the total internal energy in the solid Eint is desribed by
Eint = qh̄ω (2)where h̄ is Plank's onstant divided by 2π and ω is a onstant that haraterizes the strength of the bondsbetween the atoms. The parameter q is the total number of quanta in the system and is a onstant. Thesequanta are statistially distributed over the N atoms of the solid so all possible states of the system are equallylikely and the multipliity Ω is

Ω =
(q + 3N − 1)!

q!(3N − 1)!
. (3)This model of an elemental solid is alled an Einstein solid.We want to �nd a onnetion between the entropy de�ned in Equation 1 and the temperature. Reall howtemperature is usually de�ned relative to some properties of matter like the freezing and boiling points of water.You are developing the mirosopi piture of entropy, but it won't be suessful until you an onnet it to theobserved behavior of bulk matter and our familiar notions of temperature.Ativity 1: The Entropy of Einstein Solids in Thermal Equilibrium(a) To start onneting the entropy to the temperature you have to study the behavior of the entropy as theenergy hanges. To do this we will study two Einstein solids (A and B) in thermal equilibrium with eah other.Their total internal energy will be

Eint = qAB h̄ω = (qA + qB)h̄ω (4)where qA and qB are the numbers of energy quanta in eah solid and qAB is their sum.Use the program StatMeh (see the Physis Appliations menu) for the on�guration where you hoose
NA > 100, NB > 80 and U > 400. The label U in the StatMeh window refers to the total number of energyquanta in the system in units of h̄ω and is equivalent to qAB here. An example of the output of StatMeh isshown in Figure 1. The �rst two olumns in the lower panel of Figure 1 represent U(A) and U(B), the energiesin eah individual solid (again in units of h̄ω) and are equivalent to qA and qB . After you perform the alulationwith StatMeh san quikly down the olumn labeled `Omega(AB)'. If any of the exponents you see exeed thevalue 307, then run the alulation again with smaller inputs until no exponent exeeds 307. This limitation isa restrition on MiroSoft Exel that you will use later to make plots. Reord your values of NA, NB, and U .
(b) Now generate plots of SAB = SA + SB, SA, and SB from the StatMeh table. You an do this with Exel,but there are some intermediate steps neessary. Start Mirosoft Word �rst. Next, go to the StatMeh window,highlight the table, opy it (see the Edit menu on the StatMeh window), and paste it into the Word doument.In Word edit out all the ommas (`,') and asterisks (`*') in the �le (use the Replae option under the Edit40



9 ENTROPY AND TEMPERATURE

Figure 4: The StatMeh window showing the table of multipliities for eah mirostate. Eah row orrespondsto a di�erent value of qA.menu). Save the Word �le, but save it as a plain text (`.txt') �le. You an now open the �le in Exel. Whenyou open the �le, Exel pops up a Text Import Wizard that will guide you through the format of the input �le.The defaults usually seem to work. Use Exel to alulate and plot on one graph SAB, SA, and SB as a funtionof qA. Print out your plot and attah it to this unit.() What is qA for the most probable marostate? What mathematial ondition an you impose on the totalentropy SAB to determine the most probable marostate? How do you think the temperatures of solids A and
B are related at the most probable mirostate?
(d) How are the slopes of SA and SB related to one another at the most probable marostate?
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9 ENTROPY AND TEMPERATURE(e) How is EA, the energy in solid A related to qA? How is EB , the energy in solid B related to qA? Rememberthat qAB is a onstant and qAB = qA + qB. Calulate the di�erentials dEA and dEB and rewrite the answer inpart 1.d in terms of dSA/dEA and dSB/dEB.
Ativity 2: Relating Entropy and Temperature(a) Using the spreadsheet you generated in Ativity 1, alulate dSA/dqA as a funtion of qA and plot it. Youan do this to an adequate approximation by doing taking the di�erene between SA at adjaent values/rowsof qA. To do this suppose your spreadsheet has the values of SA in olumn H . The Exel syntax for estimatingthe derivative for the �rst value of qA (the �rst row) is `=(H2-H1)/1.0' where H2 is the value in the seond rowand H1 is the value in the �rst row. The numerator of one is redundant, but it shows you are approximatingthe derivative using the data from points that di�er by 1.0 in qA, the number of quanta in solid A. The syntaxfor dSA/dqA for the seond value of qA is `=(H3-H2)/1.0' and so on. Do the same for dSB/dqA and dSAB/dqA.Does the slope of SAB pass through zero at the orret spot (reall part 1.)? How are dSA/dqA and dSB/dqArelated at the most probable marostate. Does you plot agree with that result?
(b) If the energy EA and qA of solid A inreases what should the temperature of solid A do? If the energy EAof solid A inreases what happens to dSA/dqA in your plot? Do the temperature and dSA/dqA hange in thesame way or in a di�erent way as EA inreases?
() We want to ome up with a relationship between temperature and the entropy. From the results above (parts1.a-e) you should have found

dSA

dEA
=

dSB

dEB
(5)and

TA = TB (6)for the most probable marostate. This means there is some funtion of the temperature T suh that
f(T ) =

dS

dE
(7)for eah solid that will be equal at equilibrium. We want f(T ) to behave like the temperatures we are austomedto using. In other words, as the energy in the solid inreases T should inrease. Reall part 2.b and the behaviorof dS/dE as T inreases. Try to guess a mathematial form of f(T ) that ats like `normal' temperatures andone that doesn't. Explain your reasoning. 42



9 ENTROPY AND TEMPERATURESolid dE/dT per mole Solid dE/dT per mole
Table 2: Heat apaities (dE/dT ) for several elemental solids.(d) How would you hoose whih of the forms you guessed in part 2. is the orret one?

Ativity 3: Determining f(T ) and the Heat CapaityIn the previous Ativity you should have found that the mathematial form of f(T ) has to be something like
1/T n where n is some positive number. This is neessary beause your graphs should show that as the energy EA(and the number of quanta qA) of the solid inreases f(T ) = dS/dE goes down. To make sure the temperature
T behaves reasonable (and goes up with EA and qA) f(T ) must be some inverse of funtion of T . To deideexatly whih funtion is right requires omparing Equation 7 or some result from it to some data.Reall the table of heat apaities we generated in the laboratory entitled Calorimetry. Use those results to �llin Table 1 making sure that you are using molar heat apaities. The heat apaities are onstant with respetto temperature and are similar in value to one another. These are the data that will help us determine f(T ).To alulate dE/dT we must �nd a relationship between E and T for the Einstein solid.(a) Start with Equations 1 and 7 and the hain rule and show the following.

dS

dE
= kB

1

Ω

dΩ

dE
(8)

(b) Use Equation 2 to show
dE = h̄ωdq and

dΩ

dE
=

1

h̄ω

dΩ

dq
. (9)
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9 ENTROPY AND TEMPERATURE() Starting with Equations 1 and 3 one an show
dΩ

dq
=

3Nh̄ω

E
Ω . (10)Combine this equation (number 10) and the results from 3.a-b to get a relationship for dS/dE for the Einsteinsolid in terms of N and E. Set that expression equal to f(T ), and solve for E the internal energy. It is thederivative of this last equation (dE/dT ) that will give you the heat apaity. What funtion of f(T ) will give aresult that is independent of temperature when you take the derivative with respet to T of your expression forthe internal energy E?

(d) What is the �nal form of Equation 7 and f(T )?(e) Determine the mean and standard deviation of the heat apaity of the elemental solids in Table 1. Calulatethe heat apaity (dE/dT ) for the Einstein solid using your results from parts 3.-d. Is the heat apaity for themodel of the Einstein solid onsistent with the measured ones?
Ativity 4: The Seond Law of Thermodynamis(a) Go bak to your plots of the entropy as a funtion of qA from part 1.b. Consider two Einstein solids thatare brought together at a value of qA that is higher than the equilibrium one at the most probable marostate.Choose a value of qA that is halfway between the most probable value and the maximum. One the two Einsteinsolids are in ontat, how will the system evolve? What happens to SA and SB? Do they go up, down, or staythe same? What happens to the total entropy SAB? In fat, based on your plot from part 2.b, is there anyirumstane where SAB will not inrease?
() To vividly see what happens when Einstein solids ome in thermal ontat, run the program equilib.exe44



9 ENTROPY AND TEMPERATUREavailable in the Physis Appliations menu. This program starts with two Einstein solids with all the energyquanta in solid B. It simulates the evolution of the two solids as they marh toward thermal equilibrium. ClikEvolve to see the simulation run.What you should have disovered in the previous part is that the entropy of the ombined systems alwaysinreases regardless of what on�guration the Einstein solids are in when they ome in ontat. The systemalways evolves to the most probable, most disordered marostate where the temperatures will be equal andthe entropy is a maximum. The energy quanta are most spread out. This result is stated in several di�erentways, but the most suint is simply ∆S > 0 for an isolated system. The entropy of an isolated system alwaysinreases. This is alled the Seond Law of Thermodynamis.Ativity 4: Homework Problems1. (E) An objet's entropy is measured to inrease by 0.1 J/K when we add 35 J of energy. What is itsapproximate temperature? (Assume that the objet's temperature does not hange muh when we addthe 35 J .)2. (E) A ertain Einstein solid's entropy hanges from 305.2kb to 338.1kb when we add 1 unit ǫ of energy.What is the value (and units) of kbT/ǫ for this solid? If ǫ = 1.0 eV , what is its temperature T ?3. (E) Does it make sense to talk about the temperature of a vauum? If so, how ould you measure oralulate it? If not, why not?4. (E) An Einstein solid in a ertain marostate has a multipliity of 3.8×10280. What is its entropy (expressedas a multiple of kB)?5. (E) A pair of Einstein solids in a ertain maropartition has multipliities of 4.2 × 10320 and 8.6 × 10132.What are the entropies of eah solid? What is the total entropy of the system in this maropartition?(Express entropies as multiples of kb.)6. (E) Is it really true that the entropy of an isolated system onsisting of two Einstein solids never dereases?(Consider a pair of very small solids.) Why is this statement more aurate for large systems than forsmall systems? Explain in your own words.7. (P) In lab we argued on fairly fundamental grounds that dS/dU = f(T ). In priniple, we ould de�ne
f(T ) to be anything that we like: this would amount to de�ning temperature and its sale. Still, somede�nitions would violate deeply embedded preoneptions about the nature of temperature. For example,the simplest de�nition of temperature would be dS/dU = Tnew. Show that this de�nition(a) Would imply that Tnew has units of K−1 and(b) Would imply that heat would �ow spontaneously from objets with low Tnew to objets with high

Tnew. This would imply that objet with low values of Tnew are hot, while objets with high values
Tnew are old (we might want to all Tnew so de�ned oolness instead of temperature). While we ouldde�ne temperature in this way, it would really �y in the fae of onvention (if not intuition).() If we did de�ne oolness Tnew in this way, what ordinary temperature T would an objet withabsolutely zero oolness ( Tnew = 0) have? What about something that is in�nitely ool (Tnew = ∞)?8. (P) Imagine that the entropy of a ertain substane as a funtion of N and U is given by the formula

S = Nkb lnU . Using the de�nition of temperature, show that the thermal energy of this substane isrelated to its temperature by the expression U = NkbT .9. (P) Imagine that the multipliity of a ertain substane is given by Ω(U, N) = Ne
√

NU/ǫ, where ǫ is someunit of energy. How would the energy of an objet made out of this substane depend on its temperature?Would this be a `normal' substane in our usual sense of temperature.10. (P) Consider an Einstein solid having N = 20 atoms.45



9 ENTROPY AND TEMPERATURE(a) What is the solids temperature when it has an energy of 10ǫ, assuming that ǫ = hω = 0.02eV ?Calulate this diretly from the de�nition of temperature by �nding S at 10ǫ and 11ǫ, omputing
dS/dU ≈ [S(11ǫ) − S(10ǫ)]/ǫ, and then applying the de�nition of temperature. (You will �nd thatyour work will go faster if you use StatMeh to tabulate the multipliities.)(b) How does this ompare with the result from the formula U = 3NkbT (whih is only aurate if N islarge and U/3Nǫ > 1)?() If you have aess to StatMeh, repeat for N = 200 and U = 100ǫ. (Hint: If your alulator annothandle numbers in exess of 10100, use the fat that in (a × 10b) = ln a + b ln 10).11. (P) A newly-reated material has a multipliity

Ω = αNEwhere N is the number of atoms in the solid, E is the total, internal energy in the solid, and α is a onstantof proportionality.(a) How does the temperature of the new material depend on the internal energy?(b) What is the molar heat apaity for this solid?() Could this material really exist? Why or why not?12. (P) A newly-reated material has a multipliity
Ω = βME2where N is the number of atoms in the solid, E is the total, internal energy in the solid, and α is a onstantof proportionality.(a) How does the temperature of the new material depend on the internal energy?(b) What is the molar heat apaity for this solid?() Could this material really exist? Why or why not?
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10 ELECTROSTATICS10 EletrostatisName Setion DateObjetive
• To understand the basi phenomena of eletri harges at rest.IntrodutionAtoms onsist of a entral nuleus made up of protons and neutrons surrounded by one or more eletrons. Whilethe nulei of solids are essentially loalized, some of the eletrons may be free to move about. A substane whihhas as many eletrons as it has protons is said to be eletrially neutral. Dissimilar objets have di�erent a�nitiesfor eletrons. When two suh objets, initially neutral, are rubbed together, the frition may ause eletronsto pass from one to the other. After separation, neither objet is neutral. Eah is said to have been �hargedby frition�. An isolated, eletri�ed objet beomes neutral again if its eletron-proton balane is restored. Aonvenient means for aomplishing this is to onnet the objet to earth by means of a ondutor, throughwhih eletrons readily travel. This proess is alled �grounding the body�. Sine an eletri�ed objet is referredto as �harged�, grounding is also referred to as �disharging�.Substanes through whih eletrons do not move easily are alled �non-ondutors�, or �insulators�. Experimenthas shown that when rubber and wool are rubbed together, eletrons pass form the wool to the rubber. Theeletrons remain on the surfae of the rubber�a non-ondutor�where they were transferred.Rubbing a metal rod with a wool loth an also transfer eletrons. This rod, however, is a ondutor andeletrons pass through it to the experimenter and then to the earth. People, made mostly of salt water, aregood ondutors, as well. Metal that is isolated, however, an be eletri�ed. This an be demonstrated withan eletrosope, whih has a metal knob onneted to a stem from whih a thin metal leaf hangs. An insulatorprevents ontat of these metal parts with the ase, and onsequently the earth.Apparatus
• eletrosope
• rubber and glass rods
• wool and silk lothAtivity 1: Charging by Frition1. Be sure the eletrosope is disharged by touhing the knob with your �nger. Explain what happened andwhy you are onvined the eletrosope is disharged.
2. Predition: If you rub the knob of an eletrosope with a wool loth, what will be the state of theeletrosope when you remove the loth? Explain.
3. Gently and repeatedly rub the knob of the eletrosope for a ouple of minutes. Remove the loth. Noteany di�erenes in the eletrosope from its appearane before you rubbed.
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10 ELECTROSTATICS4. Explain what, if anything, happened.
Ativity 2: Charging by Contat1. Disharge the eletrosope as before.2. Charge the rubber rod by frition with the wool loth.3. Does anything our in the eletrosope when you bring the dis lose to the knob without touhing it?

4. Predition: What will happen to the eletrosope if you repeatedly touh its knob with a freshly hargedobjet?
5. Touh the dis to the knob; rub the dis again and again touh it to the knob; repeat this proedure twoor three more times. Desribe any hanges to the eletrosope.
6. Repeat the proedure above until the eletrosope's leaf is at approximately a twenty degree angle withthe stem.Ativity 3: Kinds of Eletri�ation1. Eletrify one end of the rubber rod by wrapping the wool loth around the rod, squeezing the wool againstthe rod, twisting the rod vigorously to ensure good ontat, and separating the wool from the rod.2. Predition: What will happen when you bring the eletri�ed end of the rubber rod toward, but nottouhing, the eletrosope's knob? What will happen if you do the same with the wool loth?
3. Bring the harged end of the rubber rod toward the knob, but do not touh it. Reord what happens.
4. Repeat number 3 with the wool loth.
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10 ELECTROSTATICS5. What di�erenes were there between the trial with the rod and the trial with the loth?
6. How would you aount for these di�erenes?
7. Note: By de�nition, the eletrial state of the rubber after being rubbed by the wool is negative. Thatis, an objet that has an exess of eletrons is said to be negatively harged. Realize that this is only aonvention.8. If the rubber is said to be negatively harged, in what eletrial state is the wool loth?
9. How an an eletrosope be used to determine the nature of any harge?
10. Rub the end of the glass rod with the silk loth and determine the harge of eah after they are separated.11. What is the harge of an eletron? Of a proton?

Ativity 4: Ation of the Eletrosope1. Disussion: Two fats explain the rise or fall of the leaves of an eletrosope: (a) Like harges repel(unlike harges attrat); and (b) Free eletrons move about in a ondutor when an eletri fore ats uponthem.2. Disharge the eletrosope.3. Predition: What will happen when you bring the harged rubber rod near the disharged eletrosope?What will happen if you do the same with the wool loth?
4. Test your preditions; reord the results; try to explain them.
5. When the wool approahes the knob, whih way do the free eletrons in the metal of the eletrosope move(up toward the knob or down toward the leaf)?
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10 ELECTROSTATICS6. Do the leaf and stem now beome positive or negative?
7. In Ativity 3, the eletrosope was negatively harged before either the rod or the wool was brought towardthe knob. For the ase of the rod, in whih diretion do the free eletrons in the eletrosope move? Doesthe eletron displaement inrease or derease the eletrostati fore separating the leaf from the stem?

Ativity 5: Charging by Indution1. Disharge the eletrosope.2. Predition: What will be the e�et on the eletrosope if you perform the following experiment: whilegrounding the eletrosope with your �nger, bring an eletri�ed rubber rod near the knob, then take awayyour �nger and then the rod (in that order)?
3. Carry out the experiment and desribe the result.
4. Explain the result and why your predition agreed or disagreed with it.
5. Predition: Note that no eletrons moved between the rod and the eletrosope. What harge has beenindued on the eletrosope?
6. Test your predition with the negatively harged rubber rod and the positively harged wool.7. Does the test verify or ontradit your predition?
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11 THE ELECTRICAL AND GRAVITATIONAL FORCES11 The Eletrial and Gravitational Fores4Name Setion DateI began to think of gravity extending to the orb of the moon, and . . . I dedued that the foreswhih keep the planets in their orbs must be reiproally as the squares of their distanes from theenters about whih they revolve: and thereby ompared the fore requisite to keep the moon in herorb with the fore of gravity at the surfae of the earth, and found them to answer pretty nearly. Allthis was in the two plague years of 1665 and 1666, for in those days I was in the prime of my age forinvention, and minded mathematis and philosophy more than at any time sine. - Isaa NewtonObjetiveTo understand the similarities of the gravitational and eletrial fores.OverviewThe enterprise of physis is onerned ultimately with mathematially desribing the fundamental fores ofnature. Nature o�ers us several fundamental fores, whih inlude a strong fore that holds the nulei of atomstogether, a weak fore that helps us desribe ertain kinds of radioative deay in the nuleus, the fore of gravity,and the eletromagneti fore.Two kinds of fore dominate our everyday reality-the gravitational fore ating between masses and the Coulombfore ating between eletrial harges. The gravitational fore allows us to desribe mathematially how objetsnear the surfae of the earth are attrated toward the earth and how the moon revolves around the earth andplanets revolve around the sun. The genius of Newton was to realize that objets as diverse as falling applesand revolving planets are both moving under the ation of the same gravitational fore.

Similarly, the Coulomb fore allows us to desribe how one harge "falls" toward another or how an eletronorbits a proton in a hydrogen atom.41990-93 Dept. of Physis and Astronomy, Dikinson College. Supported by FIPSE (U.S. Dept. of Ed.) and NSF. Portions ofthis material have been modi�ed loally and may not have been lassroom tested at Dikinson College.51



11 THE ELECTRICAL AND GRAVITATIONAL FORCES

The fat that both the Coulomb and the gravitational fores lead to objets falling and to objets orbitingaround eah other suggests that these fores might have the same mathematial form.In this unit we will explore the mathematial symmetry between eletrial and gravitational fores for tworeasons. First, it is beautiful to behold the unity that nature o�ers us as we use the same type of mathematisto predit the motion of planets and galaxies, the falling of objets, the �ow of eletrons in iruits, and thenature of the hydrogen atom and of other hemial elements. Seond, what you have already learned about thein�uene of the gravitational fore on a mass an be applied to aid your understanding of the fores on hargedpartiles.Ativity 1: Comparison of Eletrial and Gravitational ForesLet's start our disussion of this omparison with the familiar expression of the Coulomb fore exerted on harge1 by harge 2.

Charles Coulomb did his experimental investigations of this fore in the 18th entury by exploring the foresbetween two small harged spheres. Muh later, in the 20th entury, Coulomb's law enabled sientists to designylotrons and other types of aelerators for moving harged partiles in irular orbits at high speeds.Newton's disovery of the universal law of gravitation ame the other way around. He thought about orbits �rst.This was bak in the 17th entury, long before Coulomb began his studies. A statement of Newton's universallaw of gravitation desribing the fore experiened by mass 1 due to the presene of mass 2 is shown below inmodern mathematial notation: 52



11 THE ELECTRICAL AND GRAVITATIONAL FORCES

About the time that Coulomb did his experiments with eletrial harges in the 18th entury, one of his ontem-poraries, Henry Cavendish, did a diret experiment to determine the nature of the gravitational fore betweentwo spherial masses in a laboratory. This on�rmed Newton's gravitational fore law and allowed him to de-termine the gravitational onstant, G. A fat emerges that is quite amazing. Both types of fores, eletrialand gravitational, are very similar. Essentially the same mathematis an be used to desribe orbital and linearmotions due to either eletrial or gravitational interations of the tiniest fundamental partiles or the largestgalaxies. This statement needs to be quali�ed a bit when eletrons, protons and other fundamental partiles areonsidered. A new �eld alled quantum mehanis was developed in the early part of this entury to take intoaount the wave nature of matter, whih we don't atually study in introdutory physis. However, even inwave mehanial alulations eletrial fores like those shown above are used.Ativity 2: The Eletrial vs. the Gravitational ForeExamine the mathematial expression for the two fore laws.(a) What is the same about the two fore laws?
(b) What is di�erent? For example, is the fore between two like masses attrative or repulsive? How abouttwo like harges? What part of eah equation determines whether the like harges or masses are attrative orrepulsive?
() Do you think negative mass ould exist? If there is negative mass, would two negative masses attrat orrepel?
Whih Fore is Stronger� Eletrial or Gravitational?Gravitational fores hold the planets in our solar system in orbit and aount for the motions of matter ingalaxies. Eletrial fores serve to hold atoms and moleules together. If we onsider two of the most ommon53



11 THE ELECTRICAL AND GRAVITATIONAL FORCESfundamental partiles, the eletron and the proton, how do their eletrial and gravitational fores ompare witheah other?Let's peek into the hydrogen atom and ompare the gravitational fore on the eletron due to interation of itsmass with that of the proton to the eletrial fore between the two partiles as a result of their harge. In orderto do the alulation you'll need to use some well known onstants.Eletron: 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 CDistane between the eletron and proton: r = 1.0 x 10−10 mAtivity 3: The Eletrial vs. the Gravitational Fore in the Hydrogen Atom(a) Calulate the magnitude of the eletrial fore on the eletron. Is it attrative or repulsive?
(b) Calulate the magnitude of the gravitational fore on the eletron. Is it attrative or repulsive?
() Whih is larger? By what fator (i.e. what is the ratio)?
(d) Whih fore are you more aware of on a daily basis? If your answer does not agree with that in part (),explain why.
Ativity 4: The Gravitational Fore of the Earth(a) Use Newton's law to show that the magnitude of the aeleration due to gravity on an objet of mass m ata height h above the surfae of the earth is given by the following expression:

GMe

(Re + h)
2Hint: Beause of the spherial symmetry of the Earth you an treat the mass of the Earth as if it were allonentrated at a point at the Earth's enter. 54



11 THE ELECTRICAL AND GRAVITATIONAL FORCES(b) Calulate the aeleration due to gravity of a mass m at the surfae of the earth (h=0). The radius of theearth is Re ≈ 6.38 x 103 km and its mass Me ≈ 5.98 x 1024 kg. Does the result look familiar? How is thisaeleration related to the gravitational aeleration g?
() Use the equation you derived in part (a) to alulate the aeleration due to gravity at the eiling of theroom you are now in. How does it di�er from the value at the �oor? Can you measure the di�erene in the labusing the devies available?
(d) Suppose you travel halfway to the moon. What is the new value of the aeleration due to gravity (negletingthe e�et of the moon's pull)? (Reall that the earth-moon distane is about 384,000 km.)
(e) Is the gravitational aeleration "onstant", g, really a onstant? Explain.
(f) In part (d) you showed that there is a signi�ant gravitational attration halfway between the earth and themoon. Why, then, do astronauts experiene weightlessness when they are orbiting a mere 120 km above theearth?
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12 ELECTRIC FIELDS AND EQUIPOTENTIAL LINES12 Eletri Fields and Equipotential LinesName Setion DateObjetive
• To learn the shape of eletri �elds.IntrodutionCharged objets exert an eletrial fore on other harged objets in proportion to the amount of harge eah has,just as massive objets exert a gravitational fore on one another in proportion to their masses. The magnitudesof both fores depend, too, on the distane between objets. However, whereas the gravitational fore is alwaysattrative, eletrial fores may be either attrative or repulsive depending on the sign of the harges. It isonvenient in understanding the nature of eletrial fores to draw pitures of them. We represent the �elds,whih provide the magnitude and diretion of the fores, as lines. We agree on a onvention: the diretion ofthe �eld is that of the fore on an in�nitesimal positive test harge. Thus, the lines of fore originate on andome out of positive harges and are direted toward and terminate on negative harges (see �gure below). Themagnitude of the �eld, and therefore the fore, is proportional to the density of the �eld lines.

Please note that when the situation is eletrostati, 1) the eletri �eld within a metal is zero, and 2) the eletri�eld just outside the surfae of a metal is perpendiular to the surfae. If either of these onditions were altered,then there would be an eletri urrent in the metal, whih is not an eletrostati situation. Beause an eletri�eld exerts a fore on a harge, work must be done to move a harged objet along any of the �eld lines. On theother hand, movement perpendiular to the �eld lines requires no work. Suh movement is said to be along anequipotential line.

In the �gure above, the eletri �eld for a positive point harge is shown as lines with arrows. The regions ofequipotential (equipotential lines) are shown with irles. Notie that the equipotential lines are perpendiularto the eletri �eld lines and that the density of equipotential lines is proportional to the eletri �eld strength.56



12 ELECTRIC FIELDS AND EQUIPOTENTIAL LINESEletri �eld lines are di�ult to measure diretly, but potentials an be measured with a voltmeter. An eletri�eld will arise in the spae surrounding two separated harged ondutors. With one lead of a voltmeter onnetedto one of the ondutors and the other used as a probe, the potentials an be determined (see �gure below).
V Metal pins make

contact with conductor.

conductor

probe

+−

conducting
carbon sheet

Apparatus
• Power supply
• Voltmeter
• Conduting sheets
• Carbon and white paper
• Wooden board and pinsAtivity 1: Field Lines for Two Point ChargesPredition: Using the rules given in the introdution and given in the �rst set of �gures, draw the eletri linesfor two oppositely harged point objets. Sketh the equipotential lines.
1. Find the onduting paper with the two silver irles on the front and lay it over a opy arbon and a sheetof paper on top of the wooden board.2. Connet the positive output of the power supply to one of the irles and the negative to the other.3. Connet the negative lead of the voltmeter to the negative ondutor and use the positive lead as theprobe.4. With the power supply voltage turned on and set to 10 volts, probe lightly with the voltmeter to �nd anumber of points on the arbon paper registering 8 volts. Push down eah time you �nd a point so thatmarks will be made on the bottom paper.5. Repeat for 6 volts, 4 volts, and 2 volts.6. You should end up with a series of dots on your sheet of paper. Connet those assoiated with the samepotential with smooth lines. 57



12 ELECTRIC FIELDS AND EQUIPOTENTIAL LINES7. Realling the relationship between eletri �eld lines and equipotential lines, sketh in the eletri �eldlines. (Other group members an sketh opies of the same results.)8. Does your experimental result agree with your predition? Explain.
Ativity 2: Field Lines for Parallel PlatesPredition: Draw what you think the �eld lines and equipotential lines between parallel plates will look like.

1. Carry out the instrutions from Ativity 1 to hek your predition.2. Does your result agree with your predition? Explain.
Ativity 3: Field Lines Between a Point Charge and a PlatePredition: Draw what you think the �eld lines and equipotential lines between a point harge and a parallelplate will look like.

1. Map the �eld lines as before.2. Does your result agree with your predition? Explain.
3. If the potential is zero, must the eletri �eld be zero as well?
4. What an you say about the eletri �eld along an equipotential line?
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12 ELECTRIC FIELDS AND EQUIPOTENTIAL LINESAtivity 4: Field Lines for a Plate and a Charged CirlePredition: Sketh what you think the �eld and potential lines between a harged irle and a plate look like.
1. Determine the �eld lines.2. What is the �eld strength within a harged, ontinuous surfae?
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13 THE ELECTRIC POTENTIAL13 The Eletri Potential5Name Setion DateOverviewIt takes work to lift an objet in the earth's gravitational �eld. Lowering the objet releases the energy that wasstored as potential energy when it was lifted. Last semester, we applied the term onservative to the gravitationalfore beause it �releases� all of the stored energy. We found experimentally that the work required to move amass in the gravitational �eld was path independent. This is an important property of any onservative fore.Given the mathematial similarity between the Coulomb fore and the gravitational fore, it should ome as nosurprise that experiments on�rm that an eletri �eld is also onservative. This means that the work neededto move a harge from point A to point B is independent of the path taken between points. A harge ould bemoved diretly between the two points or looped around and the work expended to take either path would bethe same. Work done by an eletri �eld on a test harge q traveling between points A and B is given by
W =

∫ B

A

−→
F · d−→s =

∫ B

A q
−→
E · d−→sAtivity 1: Work Done on a Charge Traveling in a Uniform Eletri Field(a) A harge q travels a distane d from point A to point B; the path is parallel to a uniform eletri �eld ofmagnitude E. What is the work done by the �eld on the harge? How does the form of this equation ompareto the work done on a mass m traveling a distane d in the almost uniform gravitational �eld near the surfaeof the earth?

E

B

A

d

(b) The harge q travels a distane d from point A to point B in a uniform eletri �eld of magnitude E, butthis time the path is perpendiular to the �eld lines. What is the work done by the �eld on the harge?
E

d
BA

() The harge q travels a distane d from point A to point B in a uniform eletri �eld of magnitude E. Thepath lies at a 45◦ angle to the �eld lines. What is the work done by the �eld on the harge?51990-93 Dept. of Physis and Astronomy, Dikinson College. Supported by FIPSE (U.S. Dept. of Ed.) and NSF. Portions ofthis material may have been modi�ed loally and may not have been lassroom tested at Dikinson College.60



13 THE ELECTRIC POTENTIAL
E

d

B

A

Potential Energy and Potential Di�ereneReall that by de�nition the work done by a onservative fore equals the negative of the hange in potentialenergy, so that the hange in potential energy of a harge moving from point A to point B under the in�ueneof an eletrial fore is given by:
∆Epot = Epot,B − Epot,A = −

∫B

A
q
−→
E · d−→sBy analogy to the de�nition of the eletri �eld, we are interested in de�ning the eletri potential di�erene

∆V = VB−VA as the hange in eletri potential energy ∆Epot per unit harge. Formally, the potential di�ereneis de�ned as the work per unit harge that an external agent must perform to move a test harge from A to Bwithout hanging its kineti energy. The potential di�erene has units of joules per oulomb. Sine 1 J/C isde�ned as one volt, the potential di�erene is often referred to as voltage.Ativity 2: The Equation for Potential Di�ereneWrite the equation for potential di�erene as a funtion of −→E , d−→s , A, and B.
The Potential Di�erene for a Point ChargeThe simplest harge on�guration that an be used to onsider how voltage hanges between two points in spaeis a single point harge. We will start by onsidering a single point harge and then move on to more ompliatedon�gurations of harge.A point harge q produes an eletri �eld that points radially outward in all diretions for a positive harge,radially inward for a negative harge. The line integral equation for the potential di�erene an be evaluated to�nd the potential di�erene between any two points in spae A and B (a line integral is one that follows a paththrough spae).It is ommon to hoose the referene point for the determination of voltage to be set at in�nity so that we aredetermining the work per unit harge that is required to bring a test harge from in�nity to a ertain point inspae. Let's hoose a oordinate system so that the point harge is onveniently loated at the origin. In thisase we will be interested in the potential di�erene between in�nity and some point whih is a distane r fromthe point harge. Thus, we an write the equation for the potential di�erene, or voltage, as

∆V = VB − VA = Vr − V∞ = −
∫ r

∞
−→
E · d−→sOften, when the referene point for the potential di�erene is at in�nity, this di�erene is simply referred to as�the potential�, and the symbol ∆V is just replaed with the symbol V .Ativity 3: Potential at a Distane r from a ChargeStarting from the expression for the eletri �eld of a point harge, show that, if A is at in�nity and B is adistane r from a point harge q, then the potential V is given by the expression

V = kq
rwhere k = 1

4πε◦

= 8.99 x 109 Nm2/ C2. 61



13 THE ELECTRIC POTENTIAL
pushed in from
Test charge being

to a distance r

from a charge q.

+
qo

to

Charge at
the origin

r

x

y

q to

Hint: What is the mathematial expression for an E-�eld from a point harge?
The Potential Di�erene Due to Continuous Charge DistributionsThe potential from a ontinuous harge distribution an be alulated several ways. Eah method should yieldapproximately the same result. First, we an use an integral method in whih the potential dV from eahelement of harge dq is integrated mathematially to give a total potential at the loation of interest. Seond,we an approximate the value of the potential V by summing up several �nite elements of harge ∆q by usinga omputer spreadsheet or hand alulations.Again, let's onsider a relatively simple harge distribution. In this ase we will look at a ring with hargeuniformly distributed on it. We will alulate the potential on the axis passing through the enter of the ring asshown in the diagram below. (Later on you ould �nd the potential di�erene from a disk or a sheet of hargeby onsidering a olletion of nested rings).

x 2 + a2
q

x

a
P
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13 THE ELECTRIC POTENTIALA ring of harge has a total harge of Q = 20µC (i.e. 20 x 10−6 C). The radius of the ring, a, is 30 m. We wantto �nd the eletri �eld and the eletri potential at a distane x from the ring along an axis that is perpendiularto the ring and passes through its enter. Let's begin by alulating the potential in the next ativity.Hints: Sine the potential is a salar and not a vetor we an alulate the potential at point P (relative to ∞)for eah of the harge elements ∆q and add them to eah other. This looks like a big deal but it is atually atrivial problem beause all the harge elements are the same distane from point P .Ativity 4: Numerial Estimate of the Potential from a Charged Ring(a) Divide the ring into 20 elements of harge ∆q and alulate the total V at a distane of x = 20 m from theenter of the ring using a spreadsheet program or by hand alulation. Summarize the result below. Be sure toattah a printout of your spreadsheet results.
Ativity 5: Calulation of the Potential from a Charged RingBy following the steps below, you an use an integral to �nd a more exat 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 onstant and thus an be pulled out of the integral).
() Perform the integration in part (b) above. Then substitute values for a, x, and Q into the resulting expressionin order to obtain a more �exat� value for the potential.63



13 THE ELECTRIC POTENTIAL(d) How does the �numerial� value that you obtained in Ativity 4 ompare with the �exat� value you obtainedin ()?Now let's take a ompletely di�erent approah to the same problem. If we an �nd the vetor equation for theeletri �eld at point P due to the ring of harge, then we an 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

Ativity 6: ∆V from a Ring Using the E-�eld Method(a) Starting from the eletri �eld of a point harge, show that the eletri �eld at point P from the harged ringis given by
−→
E = kqx

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

x2+a2

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

∫ r

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

x2+a2

() How does the result ompare to that obtained in Ativity 5 ()?64



13 THE ELECTRIC POTENTIALEquipotential SurfaesSometimes it is possible to move along a surfae without doing any work. Thus, it is possible to remain at thesame potential energy anywhere along suh a surfae. If an eletri harge an travel along a surfae withoutdoing any work, the surfae is alled an equipotential surfae.Consider the three di�erent harge on�gurations shown below. Where are the equipotential surfaes? Whatshapes do they have?Hint: If you have any omputer simulations available to you for drawing equipotential lines assoiated witheletrial harges, you may want to hek your guesses against the patterns drawn in one or more of the simu-lations.Ativity 7: Skethes of Eletri Field Lines and Equipotentials(a) Suppose that you are a test harge and you start moving at some distane from the harge below (suh as 4m). What path ould you move along without doing any work, i.e. −→E · d−→s is always zero? What is the shapeof the equipotential surfae? Remember that in general you an move in three dimensions.
+1

(b) Find some equipotential surfaes for the harge on�guration shown below, whih onsists of two hargedmetal plates plaed parallel to eah other. What is the shape of the equipotential surfaes?
+
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−
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−
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−

−
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−
−
−() Find some equipotential surfaes for the eletri dipole harge on�guration shown below.

+−
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13 THE ELECTRIC POTENTIAL(d) In general, what is the relationship between the diretion of the equipotential lines you have drawn (repre-senting that part of the equipotential surfae that lies in the plane of the paper) and the diretion of the eletri�eld lines?
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14 THE ELECTRIC FIELD AND THE ELECTRIC POTENTIAL I14 The Eletri Field and the Eletri Potential IName Setion DateObjetive
• To investigate the eletri �eld and potential of a point harge.Apparatus
• Eletri �eld and potential simulation entitled EM Field 6.IntrodutionThe diretion of an eletri �eld is the diretion of the fore on a tiny positive test harge plaed in the region ofspae where the �eld is to be measured. If the magnitude of this test harge is in�nitesimally small, so small thatit will not displae or disturb the harges that are the soure of the �eld, we an use the test harge to determinequantitatively the strength of the eletri �eld. The strength of the eletri �eld is taken to be the eletri fore,F, on the test harge divided by the magnitude of the test harge, qt: E = F

qt
. The fore (Coulomb's Law)between two harges, q1 and q2, is F = k q1q2

r2 , where k = 9 x 109 Nm2/C2. The units of E are newtons peroulomb, so another way of desribing the �eld strength is to say it is the fore experiened by a unit positivetest harge.Reall from a previous laboratory exerise that the potential di�erene between two points A and B, VB - VA, isthe work done arrying a unit positive harge from point A to point B. Also, the lines of fore (the eletri �eldlines) are always perpendiular to the equipotential lines, lines on whih all points are at the same potential. Ina stati eletri �eld, the eletri potential di�erene between two points is a onstant and does not depend onthe path used for its omputation. The absolute potential, as opposed to the potential di�erene, is the amountof work done in arrying a unit harge from in�nity to point B. The magnitude of the absolute potential, then,is omputed as the integral from in�nity to the point B of the eletri �eld.Investigation 1: A Single ChargeAtivity 1: The Eletri Field(a) Start the program EM Field 6 from the 132 menu. Clik on the sreen and you will see a sreen with a set ofinstrutions. Go to the Soures menu and selet 3D Point Charges. A blank `table top' with a set of menubuttons 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. These hoies willmake the following investigation a bit easier to perform.() Selet the harge labeled �+4� from the available set by liking on it and dragging it to the enter of thetable top.(d) Predition: You will take measurements of the �eld at di�erent distanes from the harge. You know therelative size of the harge (+4), but you don't know the size of the harge in oulombs. Generate an expressionfor the magnitude of the �eld from an unknown harge with appropriate numerial onstants and units. Theonly unknown in your result should be the harge in oulombs. How does the eletri �eld depend on r, thedistane from the point harge?
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14 THE ELECTRIC FIELD AND THE ELECTRIC POTENTIAL I

Charges

Menus

Figure 5: Table top for EM Field 6.(e) Clik anywhere in the table top and you will see an arrow drawn. The size and diretion of the arrowrepresent the magnitude and diretion of the eletri �eld at that point due to the `+4' harge. In what diretiondoes the arrow point? Clik on the opposite side of the table top. In what diretion does this arrow point? Howis it related to the �rst arrow?
(f) Clik on many points so that you get a wide range of magnitudes from large (barely �ts on the table top) tosmall (barely bigger than a dot).(g) Print the table top and use a ruler to measure the lengths of eah of the arrows on your plot. Enter thisdata in the table below. Use the sale at the bottom of the table top to onvert the length of eah arrow intoan eletri �eld magnitude. The units of the sale eletri �eld vetor are 1.0 N/C.Distane from Charge (m) Arrow Length (m) Measured E (N/C) Charge (C)
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14 THE ELECTRIC FIELD AND THE ELECTRIC POTENTIAL I(h) Use the results in olumn 3 of your table to determine the unknown harge for eah eletri �eld measurementand enter the results in the table. Calulate the average and standard deviation of the values of the harge. Areyour results onsistent? Explain.
(i) Did the measured values agree with your preditions? If they didn't, an you explain why not?
(j) Predition: From Coulomb's Law, we expet the spatial variation of the �eld strength to obey a power law:
|E| = Arn, where A and n are onstants. What do you predit the value of n to be?
(k) Graph �eld strength as a funtion of r. Using the power �tting funtion, determine the power of the funtion,
n, and reord it here. Attah the plot to this unit.
(l) Does your result agree with your predition? Explain any disrepany.
Ativity 2: The Eletri Potential(a) Under the Display menu lik on Clean up Sreen to erase the eletri �eld vetors.(b) Predition: You will now take measurements of the potential. How do you expet the eletri potential tohange with distane from the point harge?
() Clik on the Potential option under the Field and Potential menu. Clik on the table top and a markerwill be plaed at that point and labeled with the value of the potential there. Clik on many spots on the tabletop from very lose to the point harge to far away. When you are �nished print the table top.
(d) Measure and reord in the table the values of the distane from the point harge and the potential.69



14 THE ELECTRIC FIELD AND THE ELECTRIC POTENTIAL IDistane (m) Measured V (volts) Predited V (volts)
(e) Calulate the value of the eletri potential at eah of these points from the distane you measured from thepoint harge and the value of the harge from the previous ativity. Fill in the appropriate olumns of the tablewith the distane and predited potential. Show a sample alulation in the spae below.
(f) Did the measured values agree with your alulations? If they didn't, an you explain why not?
(g) Predition: From Coulomb's Law and the de�nition of the eletri potential, we expet the spatial variationof the potential to obey a power law: ∆V = Brm, where B and m are onstants. What do you predit the valueof m to be?
(h) Graph the voltage as a funtion of r. Using the power �tting funtion, determine the power of the funtion,
m, and reord it here.
(i) Does your result agree with your predition? Explain any disrepany.
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15 THE ELECTRIC FIELD AND THE ELECTRIC POTENTIAL II15 The Eletri Field and the Eletri Potential IIName Setion DateObjetive
• To investigate the eletri �eld and potential of a harge distribution.Apparatus
• Eletri �eld and potential simulation entitled EM Field 6.IntrodutionIn the previous unit (whih we will refer to as Investigation 1) we studied the dependene of the eletri �eld andthe eletri potential on r, the distane from a single harge. Now we will study the same ideas for a di�erentharge distribution.Investigation 2: Four Symmetrially Arranged ChargesAtivity 1: The Eletri Field(a) Start the program EM Field 6 from the 132 menu or (if it's already running) use the options under theDisplay menu to lear the table top and delete any harges. Go to the Soures menu and selet 3D PointCharges. A blank `table top' with a set of menu buttons at the top and bottom will appear (see Figure 1 inInvestigation 1, the previous unit).(b) Go to the Display menu and set EM Field 6 to Show Grid and Constrain to Grid if they are not alreadyset. These hoies will make the following investigation a bit easier to perform.() Under Soures, lik on 3D Point Charges. Selet the harge labeled �+1� from the available set byliking on it. Add four individual harges, arranging them symmetrially within about 1 m of the entral pointwhere the �+4� harge was loated in Investigation 1 (the previous unit).(d) Predition: How will the eletri �eld be oriented within the region of the four harges? How will the �eldbe oriented outside the region of the four harges? How will the �eld depend on r, the distane from the enterof the four harges, at large r?

(e) Clik on the Field option under the Field and Potential menu. Clik anywhere in the table top and youwill see an arrow drawn. The size and diretion of the arrow represent the magnitude and diretion of the eletri�eld at that point due to the four harges. In what diretion does the arrow point? Clik on the opposite sideof the table top. In what diretion does this arrow point? How is it related to the �rst arrow?
(f) Clik on many points so that you get a wide range of magnitudes from large (barely �ts on the table top) tosmall (barely bigger than a dot).(g) Print the table top and use a ruler to measure the lengths of eah of the arrows on your plot. Enter thisdata in the table below. Use the sale at the bottom of the table top to onvert the length of eah arrow intoan eletri �eld magnitude. The units of the sale eletri �eld vetor are 1.0 N/C.71



15 THE ELECTRIC FIELD AND THE ELECTRIC POTENTIAL IIDistane from Charge Center (m) Arrow Length (m) Measured E (N/C)

(h) Predition: From Coulomb's Law, we expet the spatial variation of the �eld strength to obey a power law:
|E| = Arn, where A and n are onstants. What do you predit the value of n to be?
(i) Graph your results. Using the power �tting funtion, determine the power of the funtion, n, and reord ithere. Attah the plot to this unit.
(j) Does your result agree with your predition? Explain any disrepany.
Ativity 2: The Eletri Potential(a) Under the Display menu lik on Clean up Sreen to erase the eletri �eld vetors.(b) Predition: You will now take measurements of the potential. How do you expet the eletri potential tohange with distane from the enter of the four harges?
() Clik on the Potential option under the Fields and Potentials menu. Clik on the table top and a markerwill be plaed at that point and labeled with the value of the potential there. Clik on many spots on the tabletop from very lose to the harges to far away. When you are �nished print the table top.
(d) Measure and reord in the table below the values of the distane from the point harge and the potential.72



15 THE ELECTRIC FIELD AND THE ELECTRIC POTENTIAL IIDistane (m) Measured V (volts)
(e) Predition: From Coulomb's Law and the de�nition of the eletri potential, we expet the spatial variationof the potential to obey a power law: ∆V = Brm, where B and m are onstants. What do you predit the valueof m to be?
(f) Graph your results. Using the power �tting funtion, determine the power of the funtion, m, and reord ithere.
(g) Does your result agree with your predition? Explain any disrepany.
(h) How do your results for the power onstants, n and m, of the four symmetrially-arranged harges omparewith the power onstants you determined in Investigation 1 (the previous unit) for the single point harge?
(i) What an you onlude about the �eld and potential e�ets due to a distribution of harge outside the regionof the distribution (in relation to a single point harge)?
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16 THE ELECTRIC FIELD AND THE ELECTRIC POTENTIAL III16 The Eletri Field and the Eletri Potential IIIName Setion DateObjetive
• To investigate the eletri �eld and potential of an eletri dipole.Apparatus
• Eletri �eld and potential simulation entitled EM Field 6.IntrodutionIn the previous units (whih we will refer to as Investigation 1 and 2) we studied the dependene of the eletri�eld and the eletri potential on r, the distane from a harge distribution. Now we will study the same ideasfor a harge distribution ommonly found in physis and hemistry using the same methods we used before.Investigation 3: An Eletri DipoleAtivity 1: The Eletri Field(a) Start the program EM Field 6 from the 132 menu or use the options under the Display menu to lear thetable top and delete any harges. Go to the Soures menu and selet 3D Point Charges. 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 they are not alreadyset. These hoies will make the following investigation a bit easier to perform.() Clear the table top and build an eletri dipole by plaing two magnitude �4� harges of opposite sign adistane 2 m apart near the left side of the table top.(d) Predition How will the eletri �eld be oriented between the two harges? How will the �eld be orientedoutside the region of the two harges? How will the �eld depend on r, the distane from the midpoint of a linejoining the two harges, at large r?

(e) Clik on the Field option under the Fields and Potentials menu. Clik along a line perpendiular to themidpoint of a line joining the two harges. The size and diretion of the arrow represent the magnitude anddiretion of the eletri �eld at that point due to the dipole. In what diretion does the arrow point?
(f) Clik on many points along the same line so that you get a wide range of magnitudes from large (barely �tson the table top) to small (barely bigger than a dot).(g) Print the table top and use a ruler to measure the lengths of eah of the arrows on your plot and the distanefrom the midpoint of a line joining the two harges. Enter this data in the table below. Use the sale at thebottom of the table top to onvert the length of eah arrow into an eletri �eld magnitude. The units of thesale eletri �eld vetor are 1.0 N/C. 74



16 THE ELECTRIC FIELD AND THE ELECTRIC POTENTIAL IIIDistane from Charge Center (m) Arrow Length (m) Measured E (N/C)
(h) Predition: From Coulomb's Law, we expet the spatial variation of the �eld strength to obey a power law:
|E| = Arr , where A and n are onstants. What do you predit the value of n to be?
(i) Graph your results. Using the power �tting funtion, determine the power of the funtion, n, and reord ithere. Attah the plot to this unit.
(j) Does your result agree with your predition? Explain any disrepany.
(k) How do your results ompare with the power law onstants you found in Investigations 1 and 2? Explain.
Ativity 2: The Eletri Potential(a) Under the Display menu lik on Clean up Sreen to erase the eletri �eld vetors.(b) Predition: You will now take measurements of the potential. How do you expet the eletri potential tohange with distane from the eletri dipole along the line perpendiular to the midpoint of a line joining thetwo harges?
() Clik on the Potential option under the Field and Potential menu. Clik on the table top and a markerwill be plaed at that point and labeled with the value of the potential there. Clik on many spots on the tabletop along the line perpendiular to the midpoint of the line joining the two harges. When you are �nished printthe table top.
(d) Measure and reord in the table the values of the distane from the midpoint of a line joining the two hargesand the potential. 75



16 THE ELECTRIC FIELD AND THE ELECTRIC POTENTIAL IIIDistane (m) Measured ∆V (volts)
(e) Predition: From Coulomb's Law and the de�nition of the eletri potential, we expet the spatial variationof the potential to obey a power law: ∆V = Brm, where B and m are onstants. What do you predit the valueof m to be?
(f) Graph your results. Using the power �tting funtion, determine the power of the funtion, m, and reord ithere.
(g) Does your result agree with your predition? Explain any disrepany.
(h) How do your results ompare with the power law onstants you found in Investigations 1 and 2? Explain.
Ativity 3: Equipotential Lines and Field Lines(a) Under the Field and Potential menu, drag down to Equipotentials. Clik the mouse on the table topand a dotted line will be drawn representing the equipotential line with a label representing the value of theeletri potential. [If the urve does not lose (i.e., the last point drawn doesn't math up with the startingpoint), onsult the instrutor.℄ Map out the equipotential lines by moving the ursor aross the table top awayfrom eah harge and liking the mouse at regular intervals.(b) What do these urves represent?
() Under the Field and Potential menu, lik on Field Lines�Auto. The �eld lines of the harge distributionwill be drawn. [If EM Field 6 takes a long time to draw one of the �eld lines, onsult your instrutor.℄ Printthe result and attah it to this unit.(d) How are the �eld lines and the equipotential lines related to one another at the points where they ross?
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17 OHM'S LAW17 Ohm's LawName Setion DateObjetives
• To investigate the most important priniple in eletronis.
• To determine how resistors in series and parallel add.IntrodutionThe rate at whih eletri harge �ows through a ondutor is alled the eletri urrent. In order to have aurrent, a potential di�erene, or voltage is neessary. We �rst want to determine the relationship between thepotential di�erene at two ends of a ondutor and the urrent �owing through it.Note: Do not turn on a power supply until you are sure your iruit is orret. If you are at all unsure, pleaseask your instrutor to approve your setup. Ammeters an be instantly and permanently ruined by an improperonnetion. Be sure to turn o� the power supply before making any hanges to the iruit.Apparatus
• power supply
• 2 rheostats
• ammeter
• voltmeterAtivity 1: Ohm's Law
• Connet two rheostats (or variable resistors) in series as shown in the �gure below. Set R1 at about thehalfway point and R2 at the maximum. Connet an ammeter as shown. Also, onnet a voltmeter aross(that is, onnet a probe to eah side of) R1.

A

R1
R2

+ −

power supply
+ −

• When sure of your iruit, turn on the power supply, and turn the voltage up all the way..
• Reord the urrent through the iruit and the voltage aross R1.77



17 OHM'S LAW
• Redue the resistane of R2 and reord the urrent and voltage three more times by turning down therheostat in approximately equal steps so that for the last time R2 is turned ompletely down.
• Turn o� the power supply.
• Plot your four pairs of readings with the voltage on the vertial axis and the urrent on the horizontal 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 between voltage andurrent?
• 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 iruit and use the ohmmeter option on the multimeter to measure theresistane of R1. Does it agree with the slope you found? What is the perent di�erene? Replae R1.
• What is the general relationship between voltage, urrent, and resistane? This is Ohm's Law.
• Why is the origin a legitimate point on the urve?

Ativity 2: Resistors in Series
• Turn rheostat R2 to its maximum setting. Connet the multimeter aross this resistor, being sure to set itfor reading voltages.
• When you are sure the iruit is set, turn on the power supply and reord the urrent and voltage. Turno� the power supply.
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17 OHM'S LAW
• Predition: Based on your measurements, predit the resistane of R2.
• Remove and measure the resistane of R2. Reord the perent di�erene between your predition andmeasurement. Replae R2.
• Was the urrent this time di�erent from the �rst reading in Ativity 1?
• What an you onlude about the urrent through two resistors in series?
• Connet the multimeter aross both resistors, being sure to swith to voltage readout.
• When you are sure the iruit is orret, turn on the power supply and reord the urrent and voltage.Turn o� the power supply.
• Has the urrent hanged?
• Has your previous onlusion been substantiated or refuted?
• How is the voltage just measured related to the �rst voltage measurements in Ativities 1 and 2?
• What an you onlude about the voltage aross resistors in series?
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17 OHM'S LAW
• Using your onlusions onerning voltages aross and urrent through resistors in series and your formu-lation of Ohm's law, what an you onlude about the total resistane in a iruit having two resistors inseries?

Ativity 3: Resistors in Parallel
• Connet the two rheostats in parallel as shown in the �gure below, with the ammeter at the point markedA and the voltmeter aross the two rheostats. Set the rheostats at about their halfway settings.

R2

R1

A2

A1

+ −

power supply
+ −

A

• When you are sure the iruit is set up orretly, turn on the power supply and reord the total urrentthrough the iruit and the voltage drop aross the parallel resistane ombination. Turn o� the powersupply.
• Connet the ammeter to the point marked A1 without disturbing the rest of the iruit; apply power andreord the urrent through R1 and the voltage reading. Turn o� the power supply.
• Repeat the above measurements for R2, onneting the ammeter at A2 instead of A1.
• Using Ohm's Law, alulate the two resistanes of the parallel onnetion and also the total resistane ofthe iruit. Chek with the ohmmeter and determine the perent di�erenes.
• What is the relationship between the total urrent and the urrent in eah of the branhes of the paralleliruit?
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17 OHM'S LAW
• What is the relationship between the total resistane of the parallel iruit and the resistane of eah ofthe branhes (you may want to look up in a referene what the orret relationship should be and see ifyour result agrees with it)?
• Determine, using Ohm's law, what the voltage was in eah branh of the parallel iruit. Did it make anydi�erene that you didn't reposition the voltmeter during this ativity? On the basis of Ohm's law, doesthe result make sense?
• Can the total resistane of a series ombination ever be less than the resistane of the largest resistor?Explain.
• Can the total resistane of a parallel ombination ever be greater than the resistane of the smallestresistor? Explain.
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18 MAGNETISM I18 Magnetism IName Setion DateObjetive
• To investigate the magneti �eld around a permanent magnet.IntrodutionThe magneti �eld haraterizes magneti fores in muh the same way that the eletri �eld haraterizeseletri fores. At a given point in the region around a magnet, the strength of the �eld, similar to that of aneletri �eld, is the fore per unit north pole (one positive unit of magnetism), and the diretion is indiated bythe orientation of the north pole of a ompass loated at the point. On earth, the �eld mapped out around themagnet is atually the resultant of the �eld due to the magnet and the �eld due to the earth.Apparatus
• 2 bar magnets
• small ompass
• white paper and tapeAtivity 1: A Single Bar Magnet

bar magnetN S

Earth’s North Pole

1. Center and tape a bar magnet on a piee of paper and orient it so that the magnet's south pole points tothe earth's geographi north pole. Indiate the magnet's polarity and the diretion of the earth's �eld.2. Plae the small ompass near the north pole of the magnet and make a dot at eah end of the needle usinga penil not enased in metal.3. Move the ompass forward until its south pole points at the previous north pole dot, and make a new dotat the north pole.4. Repeat 3 until the series of dots reahes the south pole of the magnet or the edge of the paper.5. In a similar manner, trae enough lines to map the magneti �eld over the entire paper. Take points about0.5 m apart near the poles and about 2 m apart near the middle of the magnet.6. There are two points, alled neutral points, near eah end of the magnet where the magnet's �eld and theearth's �eld are equal and opposite and so anel. At these points, the ompass will align in no partiulardiretion. Try to loate these points by traing very arefully the lines of fore in the neighborhood of thepoles. 82



18 MAGNETISM I7. Do lines of fore ever ross?
8. Where are the magneti fores strongest? Weakest? How do the fore lines indiate this? Does a line offore represent a onstant fore along its entire length?
9. Do the lines interset the magnet at a partiular angle (like the eletri �eld lines near a ondutor)? Whatdoes this imply about the soure of a magneti �eld as opposed to the surfae harge of a ondutor as thesoure of an eletri �eld?

Ativity 2: Two Bar Magnets�Unlike Poles Faing 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 should be 8-10 mapart.2. Repeat steps 2 through 5 from the previous ativity.3. What sort of harge on�guration produes an eletri �eld that looks similar to the magneti �eld youjust identi�ed?
4. What di�erenes an you reognize?
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18 MAGNETISM IAtivity 3: Two Bar Magnets�Like Poles Faing 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 should be 8-10 mapart.2. Repeat steps 2 through 5 from Ativity 1 of this investigation.3. Try to identify on your map a point at whih the magneti �eld is zero. Explain what auses this e�et.
4. What sort of eletri harge on�guration would produe a similar �eld map?
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19 MAGNETISM II19 Magnetism IIName Setion DateObjetivesTo investigate:
• The e�et of magneti �elds on moving harges.
• The e�et of moving harges (urrents) on magnets.Apparatus
• Bar magnet
• Osillosope
• Tangent galvanometer
• Compass
• Power supplyAtivity 1: Magneti Fores on Moving Charges1. Turn on the osillosope by pressing the power button. Turn the TIME/DIV knob ompletely ounter-lokwise. Adjust the INTEN (intensity) and FOCUS knobs so that a small bright spot is formed on theosillosope sreen by the beam of eletrons traveling toward you. Adjust the ILLUM (illumination) knobso that the grid on the sreen an be seen learly. Use the horizontal and vertial POSITION ontrols toenter the spot on the sreen.2. Note: An osillosope is built around the priniple of the athode ray tube. It emits eletrons from itsbak end. These are aelerated by a series of eletrodes and foused to strike a �uoresent sreen at itsfront. The result is a visible trae identifying voltage as a funtion of time.3. Preditions: What, if anything, will happen to the spot on the sreen if the north pole of a magnet isbrought near the left side of the osillosope? What will happen if you do the same with the south pole?What about when eah of the poles are brought near to the top? [Please do not touh the osillosopewith the magnet.℄
4. Bring the N-pole of a horizontal bar magnet near, but not touhing, the left side of the osillosope aseat the height of the spot. Reord the diretion of any de�etion. Repeat with the S-pole.
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19 MAGNETISM II5. Bring the N-pole of a vertial bar magnet near, but not touhing, the top of the osillosope ast just abovethe spot. Reord the diretion of any de�etion. Repeat with the S-pole.
6. Turn o� the osillosope.7. Did the diretions of de�etions meet your expetations? Explain.

Ativity 2: The E�et of Moving Charges (Currents) on MagnetsIn this investigation we will use a devie known as a tangent galvanometer to make a qualitative study of thee�et of urrent (moving harges) in a oil of wire on a ompass. A sketh of the galvanometer is shown below.
���
���
���
���
���
���

���
���
���
���
���
���

Platform

Compass

Base

Electrical contacts

Wire coil

Figure 1. Tangent galvanometer and ompass.1. Connet the positive and negative eletrodes on the power supply to the two side srews on the tangentgalvanometer.2. With the power supply o�, plae the ompass on the platform in the enter of the tangent galvanometer.Align the ompass and the plane of the wire oil of the galvanometer with the ontats of the galvanometerto your right. Turn the power supply on and slowly turn up the voltage. What do you observe? Make asketh to show the orientation of the ompass and tangent galvanometer with the voltage on and o�.
3. Turn the voltage on the power supply to zero. Rotate the entire setup (galvanometer, ompass, wires) 180◦so it faes in the opposite diretion with the eletri ontats now on your left side. Make sure the plane ofthe wire oil and the ompass are parallel. Slowly turn the voltage bak up. What do you observe? Makeanother sketh to show the orientation of the ompass and tangent galvanometer with the voltage on ando�.
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19 MAGNETISM II4. The de�etion of the ompass when urrent �ows in the tangent galvanometer implies the urrent reatesa magneti �eld. From your observations an you tell the diretion of the magneti �eld? Explain.
5. Reverse the wires on the power supply to reverse the diretion of the urrent in the oil of the tangentgalvanometer. We will now repeat the observations from above. With the voltage o�, align the ompassand the plane of the wire oil of the galvanometer with the ontats of the galvanometer to your right.Slowly turn up the voltage. What do you observe? Make a sketh to show the orientation of the ompassand tangent galvanometer with the voltage on and o�.
6. Rotate the entire setup (galvanometer, ompass, wires) 180◦ so it faes in the opposite diretion with theeletri ontats now on your left side. Make sure the plane of the wire oil and the ompass are parallel.Slowly turn the voltage bak up. What do you observe? Make another sketh.
7. What happens to the magneti �eld of the tangent galvanometer when you reverse the diretion of theurrent?
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20 CENTRIPETAL FORCE20 Centripetal Fore6Name Setion DateObjetiveTo explore the phenomenon of uniform irular motion and the aelerations and fores needed to maintain it.OverviewIn a previous unit you began the study of the appliation of Newton's laws to projetile motion. In this unitwe are going to onsider the appliation of Newton's laws to another phenomenon in two dimensions. SineNewton's laws an be used to predit types of motion or the onditions for no motion, their appliations areuseful in many endeavors inluding human body motion, astrophysis, and engineering.You will explore uniform irular motion, in whih an objet moves at a onstant speed in a irle. In partiular,you will develop a mathematial desription of entripetal aeleration and the fore needed to keep an objetmoving in a irle.

Apparatus
• An airplane.
• A video analysis system (VideoPoint).
• A spring sale.
• Graphing software (Exel).Moving in a Cirle at a Constant SpeedWhen a rae ar speeds around a irular trak, or when David twirled a stone at the end of a rope to lobberGoliath, or when a planet like Venus orbits the sun, they undergo uniform irular motion. Understandingthe fores whih govern orbital motion has been vital to astronomers in their quest to understand the laws ofgravitation.But we are getting ahead of ourselves, for as we have done in the ase of linear and projetile motion we willbegin our study by onsidering situations involving external applied fores that lead to irular motion in theabsene of frition. We will then use our belief in Newton's laws to see how the irular motions of the planetsan be used to help astronomers disover the laws of gravitation.

61990-93 Dept. of Physis and Astronomy, Dikinson College. Supported by FIPSE (U.S. Dept. of Ed.) and NSF. Portions ofthis material have been modi�ed loally and may not have been lassroom tested at Dikinson College.88



20 CENTRIPETAL FORCELet's begin our study with some very simple onsiderations. Suppose an astronaut goes into outer spae, ties aball to the end of a rope, and spins the ball so that it moves at a onstant speed.Ativity 1: Uniform Cirular Motion(a) Consider the �gure above. What is the speed of a ball that moves in a irle of radius r = 2.5 m if it takes0.50 s to omplete one revolution?
(b) The speed of the ball is onstant! Would you say that this is aelerated motion?
() What is the de�nition of aeleration? (Remember that aeleration is a vetor!)
(d) Are veloity and speed the same thing? Is the veloity of the ball onstant? (Hint: Veloity is a vetorquantity!)
(e) In light of your answers to () and (d), would you like to hange your answer to part (b)? Explain.
Using Vetors to Diagram How Veloity ChangesBy now you should have onluded that sine the diretion of the motion of an objet undergoing uniformirular motion is onstantly hanging, its veloity is also hanging and thus it is aelerating. We would likeyou to �gure out how to alulate the diretion of the aeleration and its magnitude as a funtion of the speedv of an objet suh as a ball as it revolves and as a funtion of the radius of the irle in whih it revolves. Inorder to use vetors to �nd the diretion of veloity hange in irular motion, let's review some rules for addingveloity vetors. 89



20 CENTRIPETAL FORCE

1. To Draw Veloities: Draw an arrow representing the veloity, v1, of the objet at time t1. Draw anotherarrow representing the veloity, v2, of the objet at time t2.2. To Draw Veloity Change: Find the hange in the veloity ∆v = v2−v1 during the time interval desribedby ∆t = t2 − t1. Start by using the rules of vetor sums to rearrange the terms so that v1 + ∆v = v2.Next plae the tails of the two veloity vetors together halfway between the original and �nal loation ofthe objet. The hange in veloity is the vetor that points from the head of the �rst veloity vetor tothe head of the seond veloity vetor.3. To Draw Aeleration: The aeleration equals the veloity hange ∆v divided by the time interval tneeded for the hange. Thus, a is in the same diretion as ∆v but is a di�erent length (unless ∆t = 1).Thus, even if you do not know the time interval, you an still determine the diretion of the aelerationbeause it points in the same diretion as ∆v.The aeleration assoiated with uniform irular motion is known as entripetal aeleration. You will use thevetor diagram tehnique desribed above to �nd its diretion.Ativity 2: The Diretion of Centripetal Aeleration(a) Determine the diretion of motion of the ball shown below if it is moving ounter-lokwise at a onstantspeed. Note that the diretion of the ball's veloity is always tangential to the irle as it moves around. Drawan arrow representing the diretion and magnitude of the ball's veloity as it passes the dot just before it reahespoint A. Label this vetor v1.

(b) Next, use the same diagram to draw the arrow representing the veloity of the ball when it is at the dot justafter it passes point A. Label this vetor v2.() Find the diretion and magnitude of the hange in veloity as follows. In the spae below, make an exatopy of both vetors, plaing the tails of the two vetors together. Next, draw the vetor that must be added to90



20 CENTRIPETAL FORCEvetor v1 to add up to vetor v2 ; label this vetor ∆v. Be sure that vetors v1 and v2 have the same magnitudeand diretion in this drawing that they had in your drawing in part (a)!
(d) Now, draw an exat opy of ∆v on your sketh in part (a). Plae the tail of this opy at point A. Again,make sure that your opy has the exat magnitude and diretion as the original ∆v in part ().
(e) Now that you know the diretion of the hange in veloity, what is the diretion of the entripetal aeleration,ac?
(f) If you re did the analysis for point B at the opposite end of the irle, what do you think the diretion of theentripetal aeleration, ac, would be now?
(g) As the ball moves on around the irle, what is the diretion of its aeleration?
(h) Use Newton's seond law in vetor form (∑F = ma ) to desribe the diretion of the net fore on the ballas it moves around the irle.
(i) If the ball is being twirled around on a string, what is the soure of the net fore needed to keep it movingin a irle?
Using Mathematis to Derive How Centripetal Aeleration Depends on Radius and Speed91



20 CENTRIPETAL FORCEYou haven't done any experiments yet to see how entripetal aeleration depends on the radius of the irleand the speed of the objet. You an use the rules of mathematis and the de�nition of aeleration to derivethe relationship between speed, radius, and magnitude of entripetal aeleration.Ativity 3: How Does ac Depend on v and r?(a) Do you expet you would need more entripetal aeleration or less entripetal aeleration to ause anobjet moving at a ertain speed to rotate in a smaller irle? In other words, would the magnitude, ac, have toinrease or derease as r dereases if irular motion is to be maintained? Explain.
(b) Do you expet you would need more entripetal aeleration or less entripetal aeleration to ause anobjet to rotate at a given radius r if the speed v is inreased? In other words, would the magnitude, ac, haveto inrease or derease as v inreases if irular motion is to be maintained? Explain.
You should have guessed that it requires more aeleration to move an objet of a ertain speed in a irle ofsmaller radius and that it also takes more aeleration to move an objet that has a higher speed in a irleof a given radius. Lets use the de�nition of aeleration in two dimensions and some aepted mathematialrelationships to show that the magnitude of entripetal aeleration should atually be given by the equation

ac =
v2

r
[Eq. 1]In order to do this derivation you will want to use the following de�nition for aeleration

〈a〉 =
v2 − v1

t2 − t1
=

∆v

∆t
[Eq. 2]Ativity 4: Finding the Equation for ac(a) Refer to the diagram below. Explain why, at the two points shown on the irle, the angle between theposition vetors at times t1 and t2 is the same as the angle between the veloity vetors at times t1 and t2. Hint:In irular motion, veloity vetors are always perpendiular to their position vetors.

(b) Sine the angles are the same and sine the magnitudes of the displaements never hange (i.e., r = r1 = r2)and the magnitudes of the veloities never hange (i.e., v = v1 = v2), use the properties of similar triangles toexplain why ∆v
v = ∆r

r . 92



20 CENTRIPETAL FORCE() Now use the equation in part (b) and the de�nition of 〈a〉 to show that 〈ac〉 = ∆v
∆t = (∆r)

(∆t)
v
r .

(d) The speed of the objet as it rotates around the irle is given by v = ∆s
∆t . Is the hange in ar length,

∆s, larger or smaller than the magnitude of the hange in the position vetor, ∆r? Explain why the ar lengthhange and the hange in the position vetor are approximately the same when t is very small (so that the angle
θ beomes very small) i.e., why is ∆s ≃ ∆r?
(e) If ∆s ≃ ∆r, then what is the equation for the speed in terms of ∆r and ∆t?
(f) Using the equation in part (), show that as ∆t → 0, the instantaneous value of the entripetal aelerationis given by Eq. 1.
(g) If the objet has a mass m, what is the equation for the magnitude of the entripetal fore needed to keepthe objet rotating in a irle (in terms of v, r, and m)? In what diretion does this fore point as the objetrotates in its irular orbit?
Experimental Test of the Centripetal Fore EquationThe theoretial onsiderations in the last ativity should have led you to the onlusion that, whenever you seean objet of mass m moving in a irle of radius r at a onstant speed v, it must at all times be experiening anet entripetal fore direted toward the enter of the irle that has a magnitude of

Fc = mac = m
v2

r
[Eq. 3]Let's hek this out. Does this rather odd equation really work for an external fore?To test the validity of the derivation we must ompare it to experiene. We will use a �toy� airplane suspendedfrom a string and �ying in a irular path. We will use the video analysis system to measure the propertiesof the motion and determine the horizontal and vertial omponents of the fore exerted on the airplane usingEquation 3. We will ompare that result with a diret measurement of the tension in the string.Ativity 5: Verifying the Fc Equation(a) Measure the mass of the airplane and the length of the portion of the string that hangs below the horizontalpost with the hole in it. Reord the values below.93



20 CENTRIPETAL FORCE(b) The airplane is suspended from a spring sale. The string should pass straight down from the sale throughthe small hole in the horizontal post. The amera should be plaed about 1 meter above the airplane. Turn onthe amera and enter the spring sale in the frame by using the pendulum. Is the reading of the spring saleonsistent with the mass of the airplane? Mount a ruler somewhere in the amera's �eld of view to serve as asaling objet. Launh the plane into uniform irular motion. When the motion is steady reord a movie of atleast one omplete revolution and reord the reading of the spring sale. See Appendix D: Video Analysisfor details.Fscale =() Determine the position of the airplane during one omplete revolution. To do this task follow the instrutionsin the seond setion of Appendix D: Video Analysis for reording and alibrating a data �le. As you analyzethe movie frame by frame, estimate to the nearest fration of a frame the number of frames for one ompleterevolution. Reord your result. When you alibrate the time and position data, note the number of frames perseond of the movie and onvert that number to the time interval between frames, ∆t. What is the time intervalfor one omplete revolution? Prepare your �le for analysis by following the instrutions in the last setion ofAppendix D. The �le should ontain three olumns with the values of time, x-position, and y-position.
frame =
∆t =
trev =(d) Make a graph of the trajetory of the airplane during one full revolution. See Appendix C: Introdutionto Exel for details on using the graphing software. When you make your plot make sure the x and y axes overthe same size range; otherwise, you will distort the path of the airplane. Print your plot and attah it to yourwrite-up.1. Is the motion irular? What is your evidene?2. What is the radius of the motion? r =(e) To test the validity of the expression for Fc we must know the speed. Use the measurements of the radius ofthe airplane's trajetory and the time for one omplete revolution to alulate the average speed.
vave =(f) Use your results for the mass, the average veloity of the airplane, and the radius of the irular motion topredit the entripetal fore exerted by the string.
Fc =(g) We need one more piee of the puzzle to predit the tension in the string, namely, the vertial omponentof the fore exerted on the airplane by the string. Reall that we know r, the radius of the airplane's irularpath, and R, the total length of the string that is atually rotating.1. Using these two distanes (r and R), alulate the angle the string makes with the horizontal.

θ = 94



20 CENTRIPETAL FORCE2. We determined the horizontal omponent of the fore on the airplane in part (f). Now with the angle θgenerate an expression for the vertial omponent exerted by the string and alulate it. Make a vetordiagram of the di�erent omponents. Generate an expression for the total fore ating on the airplane dueto the string and alulate the result.
Fy =

Fplane =(h) Compare your result for Fplane with the measurement of the spring sale Fscale. Within experimentalunertainty, how well does your data support the hypothesis that Fc = mv2/r?
(i) Disuss the major soures of unertainty in this experiment.
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21 WEIGHING AN ELECTRON21 Weighing an EletronName Setion DateObjetiveTo investigate the fore on a harged partile due to a magneti �eld and learn how the motion of the partilean be used to weigh it.Apparatus
• e/m apparatus
• Low- and high-voltage power supplies
• Analog ammeter and digital multi-meter
• FlashlightOverviewMass spetrosopy is an experimental tehnique that is used to determine the mass of atoms, moleules, andsub-atomi partiles. The entral idea is to make a version of the partile arrying an eletri harge (e.g., a bareeletron, an ionized moleule, et), aelerate it through an eletri potential, and then injet it into a magneti�eld. If properly oriented, the magneti �eld will bend the objet into a urved path. The amount of urvaturedepends on the mass of the objet and the eletri harge it is arrying so that di�erent mass partiles with thesame harge will bend by di�erent amounts. Measuring this bend is equivalent to a mass measurement. Thismethod is widely used to do things like determine the mass of newly disovered partiles, hunt for oil, and evenvalidate the authentiity of works of art.Ativity 1: Magneti Fore on a Charged PartileIt has been found by areful measurements that the fore ~FB on a harged partile due to a magneti �eld is

~FB = q~v × ~B (1)where q is the eletri harge of the partile, ~v is its veloity, and ~B is the loal magneti �eld. Find the relevantsetions in your text for a disussion of the ross produt.(a) The �gure below shows the relationship between ~FB , ~v, and ~B. How is the magnitude of the ross produt
~v × ~B related to the magnitude of v, B, and θ the angle between ~v and ~B?

B
F

v

B
+q θFigure 1: Vetors assoiated with the magneti fore.96



21 WEIGHING AN ELECTRON(b) Consider a situation where the magneti �eld is uniform in spae and points in the z diretion ~B = Bk̂ andthe veloity of the harged partile is in the y diretion ~v = vĵ. What is θ, the angle between the magneti �eldand veloity vetors? What is ~FB in terms of the magnitudes of q, v, and B and the appropriate unit vetors?
() Desribe the trajetory of the harged partile. What is the z omponent of its trajetory?
(d) What is the magnitude of the magneti fore as this harged partile moves through the region of themagneti �eld? Does this magnitude hange as the partile moves through the �eld?
(e) How are the diretions of ~FB and ~v related?
Ativity 2: Relating ~FB to the KinematisAt the end of the previous setion you should have found that the magnitude of the magneti fore is |qvB| andthat ~v and ~B are always perpendiular to one another.(a) What type of fore have we enountered that is perpendiular to the veloity and onstant in magnitude?(Hint: Reall some of the appliations of Newton's Laws in your text.)
(b) How is entripetal aeleration related to v and r (the radius of the irular motion)? What is the expressionfor the magnitude of the entripetal fore |~Fc|?
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21 WEIGHING AN ELECTRON() Equate the expressions for the magnitudes of ~FB and ~Fc. Why is this ok? Solve for the mass m in terms ofthe radius r of the partile, |q|, v, and B.
(d) Using your result from 2.e answer the following questions. For two partiles with the same harge andveloity, but di�erent mass, whih one will have the larger radius? How will inreasing the veloity hange theradius?
(e) Remember that in a mass spetrometer, the partile is �rst aelerated aross an eletri potential di�erene.Typially, we know the kineti energy K of the harge partile after this aeleration instead of the veloity.Rewrite your result in 2. in terms of the kineti energy K instead of the veloity v.
(f) The eletron `falls' aross a potential di�erene reated by the aelerating voltage to gain a veloity v beforeit enters the magneti �eld region. Assuming the eletron starts from rest, what is the relationship between theaelerating voltage and the kineti energy K when it leaves the aelerating region and enters the magneti�eld? Combine this result with the one from part 2. to get an expression for the mass of the eletron in termsof the aelerating voltage V , the eletron harge e, the radius of the eletron's path r, and the magneti �eld
B.
Ativity 3: Preditions for a Charged Partile in a Magneti FieldWe now have the mathematial tools to understand the motion of a harged partile in a magneti �eld so wean start investigating the physis.(a) First make some preditions. If ~B = Bk̂ and ~v = vĵ, then what diretion is ~v × ~B?
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21 WEIGHING AN ELECTRON(b) What diretion is ~FB for a positively harge partile if ~B = Bk̂ and ~v = vĵ?
() What diretion is ~FB for a negatively harge partile if ~B = Bk̂ and ~v = vĵ?
Ativity 4: Measuring a Charged Partile in a Magneti FieldThe last piee of the puzzle before we start measuring things is the magneti �eld ~B. The apparatus you are usingonsists of a pair of wire oils (alled Helmholtz oils) and an eletron gun that produes a beam of eletrons.See Figure 2 and identify the Helmholtz oils on your apparatus. The magnitude of the magneti �eld along the

Figure 2: The e/m apparatus.axis of the pair of oils is
B =

(

4

5

)3/2
Nµ0I

a
(2)where N is the number of turns of wire in eah oil, µ0 is the permeability onstant, I is the urrent in the oils,and a is the radius of the oil. The diretion of the �eld is parallel or anti-parallel to the axis of the pair of oilsdepending on the diretion of the urrent in the oils. The diretion of the urrent is the same in eah oil. Themagneti �eld in the region between the oils is approximately equal to the �eld along the axis of the oils sowe will use the expression above for our magneti �eld in the equation you generated in Ativity 2.f.
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21 WEIGHING AN ELECTRON(a) Measure the radius of eah oil of wire of the Helmholtz oils, average your results, and reord them below.The number of turns of wire in eah oil is N = 130.
(b) Identify eah item on the front panel below the Helmholtz oils using Figure 3 as a guide. Chek that allthe onnetions are orret using Figure 3 as your guide.

Figure 3: Instrument onnetions for the e/m experiment.() Plae the hood over the e/m apparatus and �ip the toggle swith up to the e/m MEASURE position. Turnthe urrent adjust knob for the Helmholtz oils fully ounterlokwise to the OFF position.(d) Identify the ammeter used to measure the urrent in the Helmholtz oils using Figure 3 as a guide. Next,turn on the low-voltage power supply for the Helmholtz oils. Now wath the urrent in the ammeter (it shouldnot exeed 2 A under any irumstanes) and turn up the voltage on the Helmholtz oils into the range of
6 − 9 V .(e) As you wath the ammeter slowly turn the urrent adjust knob for the Helmholtz oils lokwise. Take arethat the urrent in the ammeter does not exeed 2 A. Set the urrent adjust knob for the Helmholtz oils in the
1.5 − 2.0 A range.(f) Identify the power supply that runs the heater for the eletron gun using Figure 3 as a guide and turn onthe power supply. Turn the voltage up to 6 volts. CAUTION: Do not exeed 6 volts or you may destroy the
e/m tube.(g) Turn on the power supply for the aelerating voltage for the eletron gun. Turn the voltage up so that it isin the range of 150 − 300 V .(h) Wait several minutes for the athode to heat up. When it does, you will see the eletron beam emerge fromthe eletron gun and it will be urved by the �eld from the Helmholtz oils. Chek that the eletron beam isparallel to the Helmholtz oils. If it is not, onsult your instrutor. Carefully read the urrent in the Helmholtzoils from your ammeter and the aelerating voltage from your voltmeter. Reord the values below.100



21 WEIGHING AN ELECTRON(i) Carefully measure the radius of the eletron beam. Look through the tube at the eletron beam. To avoidparallax errors, move your head to align the eletron beam with the re�etion of the beam that you an see onthe mirrored sale. Measure the radius of the beam as you see it on both sides of the sale, then average theresults. Reord your results below.
(j) Slowly turn the urrent adjust knob for the Helmholtz oils either up or down as you wath the ammeterand take are that the urrent does not exeed 2 A. What parameter does this ation e�et, the magneti �eldor the aelerating voltage? What happens to the path of the eletrons as the urrent in the Helmholtz oilshanges? Set the urrent adjust knob to some value and repeat parts 4.h-i to get a seond measurement. Reordthe urrent in the Helmholtz oils, the aelerating voltage, and the average radius of the eletron.
(k) Slowly hange the aelerating voltage either up or down. What parameter does this voltage e�et? Consideryour result for part 2.f. What happens to the eletron's path? Set the aelerating voltage to some value andrepeat parts 4.h-i to get a third measurement. Reord the urrent in the Helmholtz oils, the aelerating voltage,and the average radius of the eletron.
(l) When you are done, turn down to zero the aelerating voltage, the heater voltage, the Helmholtz oil voltage,and the urrent adjust knob.Ativity 5: Extrating the Eletron Mass From Your Data.(a) You should now have three separate measurements of the radius of the eletron's path. Use Equation 2 toalulate the magnitude of the magneti �eld B for eah measurement.
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21 WEIGHING AN ELECTRON(b) Almost there! Now alulate the eletron mass for eah of your three measurements using the values of theaverage r, V , and B. Reord your results below.

() Can you spot any trends in your results for the eletron mass? Try averaging the three results and determinethe standard deviation. Is your average and unertainty onsistent with the aepted value of the eletron mass?Is this averaging of your results aeptable in this situation? Why? What are the possible soures of unertaintyin this experiment?
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22 NUCLEAR DECAY AND RADIOCARBON DATING22 Nulear Deay and Radioarbon DatingName Setion DateObjetiveTo develop an understanding of the use of the radioative deay of atomi nulei to date objets like the Shroudof Turin.Apparatus
• Radioative soures.
• Radiation ounter.
• Jak.
• Isotope generator.
• Surgial gloves, eye protetion, and lab oat for handling radioative liquids.
• Lead and plasti sheets.IntrodutionAtoms an be broken down into light, negatively-harged, eletrons, and a small, dense, positively-hargednuleus. These atomi nulei an spontaneously break apart into smaller nulei in a proess alled radioativedeay. By measuring the rate of this deay under the appropriate irumstanes one an develop a �lok� thatan be used to determine how long ago in the past an event ourred. In this laboratory we will apply thisnotion to a partiular objet, the Shroud of Turin whih is purported to be the burial loth of Jesus Christ.Ativity 1: Nulear TerminologyAtomi nulei an be onstruted from protons and neutrons. The number of protons in a nuleus is alled theatomi number and is represented by the letter Z while the number of neutrons is represented by the letter N.The protons arry a harge of +e while the neutrons are eletrially neutral. The sum of these two quantities isthe mass number A. A = N + ZProtons and neutrons are often referred to as nuleons.Nulei are represented using their hemial symbol (determined by the atomi number) and the mass number.For example, the most ommon form of arbon has six protons and six neutrons in its nuleus and is written as

12C. If another neutron is added to this nuleus, then one has an isotope of arbon, 13C. Isotopes of a hemialelement have the same atomi number(Z), but have a di�erent numbers of neutrons (N) and a di�erent massnumber (A). The di�erene is re�eted in the value of the supersript on the hemial symbol.(a) Consider the following list of the number of protons and neutrons that ombine to form a partiular nuleus.In the third olumn enter the hemial symbol and mass number as shown above (e.g., 12C). Use the periodihart at the end of this unit to determine what to enter in the third olumn.Number of Protons Number of Neutrons Nuleus7 879 11826 30(b) Consider the following list of atomi nulei. In the seond and third olumns enter the number of protonsand neutrons in eah nuleus. 103



22 NUCLEAR DECAY AND RADIOCARBON DATINGNuleus Number of Protons Number of Neutrons
4He
235U
108AgSome isotopes an spontaneously deay into other nulei. In many of these deays the number of nuleons isonserved. This means that the number of protons and neutrons added together in the parent nuleus beforethe deay must be the same in the �nal produts. Eletri harge is always onserved.() In the table below a nulear deay is shown in the �rst olumn. In most ases the original nuleus (oftenreferred to as the parent) produes two smaller nulei (alled daughters). Only one of the daughter nulei islisted. In the adjaent olumn list the missing nuleus. Notie there are two emitted partiles that we havenot mentioned before. The e− whih is an eletron and is often alled a beta partile. It has almost zero massompared to a nuleon. The other is γ and is alled a �gamma� partile. This is photon or a partile of light oreletromagneti energy. The gamma has no mass or harge, but does arry energy and momentum.Deay Unknown

190Po → 4He + ?
210Th → 4He + ?

16Ne → p + ?
90Sr → e− + ?
60Co → γ + ?Ativity 2: The Properties of RadiationAn essential attribute of radiation is its ability to penetrate matter. Here we will study how three di�erenttypes of radiation (alpha, beta, and gamma radiation) penetrate matter. We will do this by using a radiationounter and samples of three nulei. The heart of the radiation ounter is a gas-�lled ylinder with a wire athigh voltage running down its enter. This ylinder is alled a Geiger-Muller or G-M tube. Sub-atomi partiles�ying through the ounter ionize atoms in the gas whih are olleted at the enter wire produing a voltagepulse that an be measured. NOTE: Before going any further read the appendix on nulear safety.(a) Compare the �gure below with your setup. Familiarize yourself with the di�erent omponents. DO NOTTOUCH THE FACE OF THE DETECTOR INSIDE THE SNOUT UNDER ANY CIRCUMSTANCES.
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22 NUCLEAR DECAY AND RADIOCARBON DATING(b) Carefully remove the red, plasti over on the snout of the radiation ounter. DO NOT TOUCH THE FACEOF THE DETECTOR UNDER ANY CIRCUMSTANCES. This would likely break the window and destroy theounter.() Obtain a set of radioative soures from your instrutor. Pik one of the soures, plae it on the jak, andposition the soure about 1 m below the snout of the radiation ounter. Plug the power ord into a standardeletri outlet and make sure the data able is plugged into digital hannel 1 on the DataStudio 750 interfae.You should see the power light ome on near the base of the ounter (whih is atually at the top). Anotherlight near the snout of the ounter blinks whenever a partile is deteted. If you don't see either light, onsultyour instrutor.(d) Open the Radiation Counter ativity in the 132 Workshop menu and lik the Start button on theDataStudio interfae. Nothing will seem to be happening, but after 30 seonds (wath the lok at the top of theDataStudio interfae) the number of radioative deays deteted by the radiation ounter will appear. Reordthis result in the appropriate plae in the table below.(e) Now arefully plae a piee of plasti on top of the soure and run the ounter for another 30 seonds. Reordthe result below.(f) Remove the plasti and plae a small sheet of lead on top of the soure. Run the ounter and reord theresult.(g) Repeat steps d-f for the other two radioative soures.Radiation Air Plasti Lead
γ
β
α(h) Whih type of radiation is most penetrating? Why?

(i) Whih type of radiation is least penetrating? Why?
(j) What material provides the best shielding of radioativity? Why?
Ativity 3: Bakground Radiation(a) Return the radioative soures to the instrutor's table.(b) With no radioative soures nearby, make several runs with the radiation ounter. The ounts you observe inthe detetor are due to osmi rays, radioative deay in the building materials surrounding you, and even yourown body. Reord the ounts and alulate the average and standard deviation of this bakground radiation.105



22 NUCLEAR DECAY AND RADIOCARBON DATINGAtivity 4: Nulear DeayTo understand the �lok� we will use to date the Shroud of Turin we will investigate how the lok �tiks�. Inthis ativity you will use a sample of radioative material and a nulear to detetor to measure the behavior ofthe material as a funtion of time. We will then build a mathematial model of the time dependene of nuleardeay. We will apply this model to analyze the results of 14C measurements on the Shroud.To obtain the radioative material we will use a proedure known as �milking the ow�. We start with a liquidthat ontains the radioative isotope 137Cs or esium-137. This isotope deays very slowly; it would take about30 years for half of a sample to deay (a bit long for an introdutory physis experiment). However, when 137Csdoes deay it usually does so in the following way.
137Cs → e− +137 Ba(0.662)Notie the additional number �0.662� beside the Ba-137. This number means there is still some energy (0.662million eletron-volts or MeV) stored in the Ba-137 nuleus and it has not yet reahed its lowest-energy or groundstate. This �exited� state of Ba-137 then emits a high-energy photon or gamma ray to reah the stable groundstate of 137Ba. A diagram of the proess is below.

Cs
137

55

Ba
137

56

e−

excited state (0.662)

ground state
γ

Figure 2. Deay sheme of esium-137.This intermediate state (labeled �0.662�) deays quikly to the ground state and it is the one we will study.We will prepare a sample of Ba-137 in its exited, 0.662-MeV state by starting with a Cs-137 �generator�. TheCs-137 produes Ba-137 at a steady rate. We remove the Ba-137 from the �generator� by passing a hydrohlori-aid-saline solution through the generator (your instrutor will do this). This is alled eluting whih meansseparate by washing. The generator is ommonly referred to as the �ow� and the Ba-137 is �milked� from theow. The Ba-137 is eluted from the generator and an then be used to study its deay.(a) First, make a predition of the ount rate as a funtion of time. Sketh your predition in the spae below.
(b) What is the mathematial form of your predition? Why did you hoose it?106



22 NUCLEAR DECAY AND RADIOCARBON DATING() Open the Nulear Deay appliation in the 132 Workshop menu. When you lik Start it will plot theount rate in intervals of 10 seonds. Get the radioative soures from your instrutor and try this out with oneof them to make sure you know how to use the hardware and software. Return the soures to your instrutorwhen you are �nished with this test.(d) Read the rest of this proedure arefully. If you have to redo the proedure it may take a long time for the�generator� to produe enough Ba-137 for you to use.(e) You have a small, metal disk alled a planhette that sits on the jak whih will be positioned lose to thesnout of the radiation ounter. This will hold the radioative material. Put the empty planhette in plae anddo a �dry run�.(f) One team member should be responsible for positioning the planhette. That person should put on thesurgial gloves, eye protetion, and a lab oat. The other team member an run the data aquisition.(g) When you are ready, alert the instrutor. He or she will ome over and plae a few drops of the eluateontaining the Ba-137 on the planhette. Immediately plae this under the Geiger ounter and lik Start onthe DataStudio interfae.Caution: Care should be taken in handling the sample. If any portion of the sample touhes your skinimmediately wash o� in the sink.(h) Let the data aquisition run for about �fteen minutes or so and then lik Stop. Dispose of the planhetteaording to the guidane from the instrutor.(i) Make a plot of your results using the data in the Counts versus Time Table. Notie that if you lik on thetitle of the table, all of the data will be seleted. You an then paste the data into Exel. Make sure you subtratthe bakground radiation from your results.(j) Make a �t to your data. What is the best hoie of funtion for �tting your data? How did you make yourhoie? Attah a opy of your plot with the �t to this unit. Reord the �t equation below. Do NOT lose yourspreadsheet. We may use it later.Ativity 5: Analyzing Nulear DeayObservation of a sample of radioative material reveals that the deay of the atomi nulei in the sample isdetermined by statistial proesses. In other words, the number of nulei Nnuc that deay per unit time isproportional to the number of nulei in the sample.
dNnuc

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

dNnuc

dt
= −λNnucwhere the minus sign is needed beause the number of nulei Nnuc dereases with time. The deay onstant λis a harateristi of eah atomi nuleus.(a) In the previous ativity, you used a partiular funtion to �t your data. Try to prove that you made theright hoie by taking derivatives and seeing if they will satisfy the original di�erential equation above. Did itwork? 107



22 NUCLEAR DECAY AND RADIOCARBON DATING(b) It is laimed the solution of the di�erential equation above desribing nulear deay is the following expression.
Nnuc(t) = N0e

−λtProve this statement by taking the derivative of Nnuc(t) and showing it satis�es the original di�erential equation.Make a sketh of the funtion and desribe it in words. How did your �t funtion do?
() The deay of atomi nulei is often haraterized by a quantity known as the half-life τ . The half-life is theperiod of time for one-half of the original sample to disappear via radioative deay. This statement an beexpressed mathematially in the following way.

Nnuc(t = τ) =
N0

2Starting with the above expression show that the deay onstant λ and the half-life are related by the followingequation.
τ =

ln 2

λ

(d) Now return to the results of your experiment. Does your ount rate fall o� exponentially? Did you �t yourdata with an exponential? If not, go bak and do so. Reord the deay onstant λ.
(e) What is the half-life of Ba-137? Compare this with the aepted value of 2.552 minutes.108



22 NUCLEAR DECAY AND RADIOCARBON DATING(f) Consider the following example as a warm-up. A sample of the isotope of iodine 131I has an initial deay rateof 1.8 x 105 deays/s. This isotope has a half-life of 8.04 days. It is shipped to a medial diagnosti laboratorywhere it will be used as a radioative traer. When the shipment arrives at the lab the deay rate has fallen to1.4 x 105 deays/s. How long did it take for the shipment to reah the laboratory?

Ativity 6: Dating the Shroud of TurinThe previous example shows how one an use the measured deay rate of an atomi nuleus as a �lok� todetermine the passage of time. The same onept is used in radioarbon dating. Carbon on the planet Earthonsists largely of three isotopes with A = 12, 13, and 14. The most ommon form is 12C and only a very smallfration of the arbon is 14C. However, 14C deays via
14C → 14N + β− + νwhere β− is an eletron and ν is a partile known as a neutrino. Notie this deay does NOT preserve thenumber of protons and neutrons in the original nuleus. The ratio R of 14C to 12C on the Earth is 1.30 x 10−12and is roughly onstant despite the fat that the 14C onstantly disappears. The ratio is onstant beause thesupply of 14C in the atmosphere is replenished by the reation of osmi rays from outer spae with the nitrogenin the upper atmosphere.Living organisms ontain large quantities of arbon and are onstantly exhanging arbon with their surround-ings. They ontain the same proportion of 14C to 12C as observed in the atmosphere. However, this proportionbegins to hange after the organism dies. The 12C remains in the dead body, but the 14C turns into gaseous 14N(see deay above) and leaves the body. Hene, the proportion of 14C dereases with time, and one has a �lok�that an be used to determine when an organism died.The Shroud of Turin is a piee of loth that bears the image of a man who appears to have been rui�ed. It was�rst displayed in Frane in the fourteenth entury and has been kept at the Royal Chapel of Turin Cathedralin a speial shrine sine 1694. Many believe the image on the Shroud is of Christ and the loth is his burialwrap. In 1989, three laboratories in Arizona in the USA, Oxford in the UK, and Zurih in Switzerland usedadvaned methods of radioarbon dating in an attempt to determine the age of the Shroud[1℄. The Shroud iswoven of loth made from plants. Like a living organism that has died, the 14C in the Shroud began to graduallydisappear after the plants used to make it were harvested.(a) The half-life of 14C is 5730 years. What is the deay onstant λ?
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22 NUCLEAR DECAY AND RADIOCARBON DATING(b) The three laboratories obtained the following results for the ratio R of 14C to 12C. The ratio of 14C to 12Cin the atmosphere is Ri = 1.30 x 10−12. What is the implied age of the Shroud for eah measurement? Use thespae below for your alulations and enter the results in the table.Laboratory Rf Age (years)Arizona 1.20 x 10−12Oxford 1.18 x 10−12Zurih 1.19 x 10−12

() What is the average age of the Shroud?
(d) The typial unertainty in these measurements is a standard deviation of ±40 years. Are the results of thethree laboratories onsistent? 110



22 NUCLEAR DECAY AND RADIOCARBON DATING(e) Is the age of the Shroud onsistent with it being the burial wrap of Christ?
(f) Are there any reasons to doubt these results?
Homework1. The half-life of a partiular radioative isotope is 6.5 h. If there are initially 48 x 1019 atoms of this isotope,how many atoms of this isotope remain after 26 h?2. A radioative isotope of merury, 197Hg, deays into gold, 197Au, with a disintegration onstant of 0.0108h−1. (a) What is its half-life? (b) What fration of the original amount will remain after three half-lives?() What fration will remain after 10.0 days?3. The radionulide 64Cu has a half-life of 12.7 h. How muh of an initially pure, 5.50-g sample of 64Cu willdeay during the 2.0-h period beginning 14.0 h later?The Periodi Chart

Referenes1. P.E.Damon, D.J.Donahue, B.H.Gore, A.L.Hathaway, A.J.T.Jull, T.W.Linik, P.J.Serel, L.J.Toolin, C.R.Bronk,E.T.Hall, R.E.M.Hedges, R.Housley, I.A.Law, C.Perry, G.Bonani, S.Trumbore, W.Woel�i, J.C.Ambers,S.G.E.Bowman, M.N.Leese, and M.S.Tite, Nature, Vol. 337, No. 16, P. 611-615.111



23 ELECTROMAGNETIC INDUCTION23 Eletromagneti IndutionName Setion DateObjetivesTo investigate:
• The e�et of hanging magneti �elds on harge and urrent.IntrodutionA harged objet moving through a magneti �eld experienes a fore whih is proportional to the magnitudeof its harge and to its speed perpendiular to the �eld: F = qvB⊥. Changing the number of magneti �eldlines�the �ux�through a oil of wire results in a urrent in the wire. The diretion of this urrent is suh thatthe magneti �eld it produes opposes the hange in the external �eld. Similarly, varying the urrent in one oil(the primary) produes a urrent in another nearby oil (the seondary). The urrent in the seond oil, too,will �ow in a diretion that reates a magneti �eld whih opposes the hange in the �eld of the �rst oil. Theserelationships between hanging �elds and urrents are known olletively as eletromagneti indution.Apparatus
• one small wire oil
• bar magnet
• Paso 750 InterfaeAtivity 1: A Moving Magnet and a Coil1. Turn on the omputer and launh EM Indution in the 132 Workshop in the Start menu.2. Plae a bar magnet vertially along the axis of the small oil with the N-pole touhing the oil.3. Start reording data and lift the bar magnet quikly straight up.4. At the end of the data taking interval, the omputer should display a value for the eletromotive fore(emf) indued in the small oil. Several trials may be required to get the orret timing between startingthe data aquisition and removing the magnet. Note and reord the sign of the indued emf.5. Predition: If you lower the magnet, N-pole down, quikly toward the oil, what will be the sign of theemf?
6. Carry out the experiment, starting the data aquisition, then lowering the magnet. Reord the sign of theindued emf.7. Did your result on�rm or refute your predition?
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23 ELECTROMAGNETIC INDUCTION8. Predition: What will happen to the emf if you perform the same pair of experiments with the S-poletoward the oil?
9. Perform the two experiments, lifting and lowering the magnet, with the S-pole down. Reord the sign ofthe indued emf in eah ase.10. How did the results ompare with your preditions?

Ativity 2: Preditions About Making Waves EletromagnetiallyConsider what we have observed about eletriity and magnetism. A stati, unhanging magneti �eld does notdo muh to our oil of wire. A varying magneti �eld reates, aross spae, a urrent in our oil. The hangingmagneti �eld must be reating an eletri �eld or else the eletrons in the oil would not feel a fore. We havealso observed phenomena where a hanging eletri �eld indued a magneti �eld. In other words, a hangingeletri �eld indues a magneti �eld and vie versa; a hanging magneti �eld indues an eletri �eld. Notiethese statements don't require the presene of eletrons or other material. The �elds an be indued in a vauum.We are now going to explore via a simulation, what happens when harges are wiggled (i.e. osillate) up anddown.1. To begin to explore our wiggling harges, onsider some questions. Suppose the motion of the hargesan be desribed as an osillating dipole so the dipole moment as a funtion of time looks like Figure 1.Assume the dipole is aligned with the z-axis. What do you expet the eletri �eld to look like as a funtionof time at some arbitrary distane r away from the soure in the x− y plane? What is the diretion of the
~E �eld? Make a sketh of your answer on the plot and label your urve.
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Figure 4: Time dependene of a dipole soure oriented along the z-axis.
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23 ELECTROMAGNETIC INDUCTION2. What would the magneti �eld strength look like as a funtion of time at the same distane r from thesoure? In what diretion does the ~B �eld point? How are the diretions of the ~E and ~B �eld related?Draw a dashed line on Figure 1 to represent the magneti �eld strength.
Ativity 3: Simulating Eletromagneti WavesWe are now going to use a omputer simulation to investigate the behavior of our osillating dipole. The situationwe are exploring is very similar to the generation of radio waves with an antenna. Charges (usually eletrons)are driven up and down in the antenna and emit eletromagneti waves.1. Open Internet Explorer (IE ) and go to the website http://www.falstad.om/emwave2. A Java applet willpop up showing brightly olored waves like the ones in Figure 2 propagating outward from our osillatingeletri dipole. If you don't see this window, onsult your instrutor.

Figure 5: Applet showing eletromagneti waves.2. It is useful to slow down the simulation speed to observe the waves more learly. Do this using the slidelabeled Simulation Speed on the right-hand side of the applet window. The alternating yellow and blueirle at the top of the applet is the soure (the dipole) as viewed from above. The olor indiates theeletri �eld; green areas are positive ( ~E toward you) and the red areas are negative ( ~E away from you).114



23 ELECTROMAGNETIC INDUCTIONThe eletri �eld is always perpendiular to the plane of the sreen. In addition to the red and green olor,you will see arrows whih indiate the diretion of the magneti �eld (whih is always in the plane of thesreen). Also, soures and ondutors may show a blue or yellow olor, indiating urrent. Yellow meansthat urrent is �owing toward you and blue means it is �owing away from you. Desribe what you see inyour own words.
3. Are these waves spherial or plane waves? Why?
4. What is the orientation of the ~E �eld? What is the orientation of the ~B �eld? How are the two related?
5. Go bak to your preditions in Ativity 2 about the diretions of the ~E and ~B �elds. Compare yourpreditions with these observations. Corret any disagreements.
6. Redue the frequeny of the osillation of the dipole using the slide labeled Soure Frequeny on theright-hand side of the applet. You may have to inrease the brightness of the applet using the slide labeledBrightness. What happens to the distane between equal positions on suessive waves (i.e., suessivepeaks or rests of the waves de�ned by the red regions in the applet)? This distane is alled the wavelengthand it is harateristi of a partiular wave. Light, for example, is an eletromagneti wave and di�erentwavelengths orrespond to di�erent olors.
7. One an alulate an quantity known as the Poynting vetor whih points in the diretion of the �ow ofenergy in an individual wave. Make the applet draw the Poynting vetor by liking on the arrow in thebox with Show E/B/j entered in it. Sroll up or down until you �nd Show Poynting vetor and highlightit. In what diretion does the energy �ow?8. Go bak to Show E/B/j mode you were in before. Just for fun, we want to introdue one of the entralphenomena assoiated with waves known as interferene. Go to the seond menu from the top of theright-hand side of the applet. Clik and highlight 2 Sr, 1 Freq. This will plae an additional osillatingdipole at the bottom of the applet. Desribe what happens. When waves add together they an anel115



23 ELECTROMAGNETIC INDUCTIONone another (this is alled destrutive interferene). Do you observe destrutive interferene? What doyou think happens for onstrutive interferene?
9. Now use your mouse to grab one of the soures and drag it to a position near the other one. How doesthe interferene pattern hange? Try di�erent positions for the soure (move it loser or further away).Desribe what you see. If these were light waves, where would you see bright light? Where would you seedark regions?

Ativity 4: Plane WavesYou just ompleted a study of spherial waves emitted by a dipole soure. We now want to onsider anothertype of wave that we will study when we explore light.1. Use IE to go to the site http://www.amanogawa.om/arhive/PlaneWave/PlaneWave-2.html and a Javaapplet will appear like the one in Figure 3. If you don't see this window, onsult your instrutor. Thetop panel of the applet shows a plane, eletromagneti wave. The red lines represent the diretion andmagnitude of the ~E �eld and the blue ones do the same for the ~B �eld. NOTE: The magneti �eld in thisapplet is labeled ~H. In this ase, this is exatly the same as our previous ~B. To eliminate some unneessarylines, lik the box beside Phasors so the hek in the box disappears.

Figure 6: Applet showing plane eletromagneti waves.116



23 ELECTROMAGNETIC INDUCTION2. Why do you think it's alled a plane wave?
3. What is the orientation of the ~E �eld? What is the orientation of the ~B �eld? Compare your answer herewith your preditions in Ativity 2 and your observations in part 3.6. Corret any disagreements.
4. Clik the start button to wath the wave move or propagate. The button is the one to the left of the STOPbutton on the left-hand side of the applet. Desribe what happens to the eletri and magneti �elds andhow they are related (i.e. When the ~E is large, what is the ~B �eld doing?).
5. Clik on the Cross Setions button at the top of the applet. You will see new panels that show the ~E(red) and ~B (blue) vetors in ross setion at the planes A and B labeled in the top panel. Use thesevetors to on�rm your observations in parts 4.3-4.4.
6. Use the B slide in the middle of the right-hand-side of the applet to move the B ross setion position.Set it one-half wavelength from the A ross setion. How are the ~E and ~B vetors in the A ross setionrelated to their partners in the B ross setion. What will be the total eletri and magneti �elds if twowaves are added that are out of line by one-half wavelength?
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24 THE INTERFERENCE OF LIGHT24 The Interferene of LightName Setion DateObjetive
• To investigate the interferene of light waves as they pass through a set of slits.Apparatus
• Laser.
• Phototransistor for measuring light intensity (mounted on rotary motion sensor).
• Set of narrow slits.
• DataStudio 750 Interfae.
• Plumb line.IntrodutionIn this laboratory you will investigate the interferene of light produed by a laser beam passing through a setof narrow, adjaent slits. When light passes the slits eah opening ats as an independent soure of waves thatan overlap one another to produe a distintive pattern of bright and dark spots on a sreen. The position ofthe bright spots depends on the separation of the adjaent slits and the wavelength of the inident light.You an measure this interferene pattern with the setup shown below. A phototransistor is seated behind thenarrow opening on top of the large, metal mount sitting on a rail. The phototransistor an translate the intensityof the light falling on it into a voltage signal that an be read by the omputer. In addition, the phototransistoran be moved bak and forth on a rotary motion sensor that measures the position of the mount. These twosignals an be ombined to make a graph of the intensity as a funtion of position.
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In this unit you will pass light from the laser through slits of known separation and use the interferene patternto determine the wavelength of the light.Ativity 1: An Alternative ViewIsaa Newton believed that light was made up of small, unseen partiles that obeyed (surprisingly enough!)Newton's Laws. This view is known as the orpusular theory. We want to onsider how this model of lightpredits di�erent behavior from the wave theory. 118



24 THE INTERFERENCE OF LIGHT(a) Consider a laser beam shining on a irular hole. If a beam of light onsisted of small, unseen partiles thatbehaved as tiny billiard balls what would you see on a sreen that is downstream from the irular hole? Asketh might be useful here.
(b) Now onsider the same laser beam shining on a pair of narrow slits. What would you see on a sreendownstream from the slits if light were made of orpusles?
For the questions above you should have predited that the laser would form a single bright spot (for part a)or two parallel lines (for part b). The experiment you are about to perform provided ompelling evidene thatNewton's orpusular theory was wrong.Ativity 2: The Interferene of Light(a) You are now ready to turn on the laser. DO NOT LOOK DIRECTLY INTO THE BEAM OR POINT THELASER CARELESSLY ABOUT THE ROOM. Turn on the laser and you should see the bright red spot of thebeam striking the wall. You should have a glass plate with a green border and several di�erent slit arrangementson it. Plae the opening in the enter of the plate in the path of the laser beam. The adjaent slits in the enterhole are 0.03295 mm apart. What do you see?
(b) Position the glass plate about 30-40 m from the phototransistor mount with the entral maximum (thebrightest spot) striking the enter hole. Measure and reord this distane. You may �nd it useful to use theplumb line to measure this distane. The phototransistor sits about 25.4 mm behind the opening.
() Position the phototransistor mount so the interferene pattern is at the same height as the opening in theenter of the phototransistor mount. The phototransistor is mounted behind this hole. To make auratemeasurements it is important to arefully determine the geometry of your setup. Chek to see if the slits and thephototransistor mount are perpendiular to the inident laser beam. You want to make sure the phototransistoran �see� as many bright spots as possible. Carefully slide the phototransistor mount bak and forth to make surethe it stays entered on the interferene pattern. Start the �Interferene� ativity in the 132 Workshop folder.When you are ready, lik Start and slowly move the phototransistor from one side of the slide to the otherby turning the wheel on the rotary motion sensor. Move arefully and take about 4-5 seonds to omplete themotion. Clik Stop. When data aquisition is omplete you will see a graph representing the intensity readingversus the position reading. You should see several distint peaks. This graph is the interferene pattern. If youdo not see this pattern onsult your instrutor. Make a hardopy of this graph and attah it to this unit.119



24 THE INTERFERENCE OF LIGHT(d) Is the spaing between the intensity peaks onstant? Is the intensity of eah peak the same? Does it appearthat any peaks are missing? The more peaks you see the more (and hopefully better) data you an ollet.There is a button on top of the phototransistor labeled �Gain� whih hanges the size of the intensity signal.Trying hanging this setting to see if you an get more peaks in your spetrum.(e) When you are satis�ed with the quality of your spetrum reord the position of eah peak in the table below.Use the Smart Tool to aurately read o� the peak positions by liking on the appropriate button along thetop of the graph. A set of ross-hairs will appear on the plot. Grab the ross-hairs by liking on them anddragging them to the point you want to measure. The oordinates will be printed by the ross-hairs. Turn o�the laser when you are �nished.Position Reading (m) Change in Reading (m)
Ativity 3: Determining the Wavelength of the Laser(a) For the data you reorded in the previous ativity alulate the di�erene between eah pair of adjaentreadings and reord it in your data table.(b) Calulate the average and standard deviation of the separation between adjaent peaks.() The position of the interferene maxima an be desribed by

ym =
λD

d
mwhere ym is the distane of a bright spot from the entral maximum (the distane along the slide in thisexperiment) and D is the distane from the slits to the phototransistor. The quantity d is the slit separation,

λ is the wavelength of the light, and m is the order of the bright spot. Generate an expression for the distanebetween adjaent bright spots.(d) Use the expression you alulated above and the average separation between bright spots to alulate thewavelength of the laser light. Compare your result with the expeted value of 6328 angstroms. Are the peaks ofthe interferene pattern the same intensity? Desribe the pattern you observe.
120



24 THE INTERFERENCE OF LIGHT(e) Collet the results for the wavelength from the other teams in lass and alulate the average and standarddeviation. Reord the results here. Are you results onsistent with the lass results? Why or why not?
(f) Reall the earlier disussion of Newton's orpusular theory of light. Does your data support Newton's theoryor the wave theory? Why?
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25 DIFFRACTION OF LIGHT25 Di�ration of LightName Setion DateObjetiveTo investigate how the interferene and di�ration of light waves ombine to form a distintive pattern and howthat pattern an be used to measure the size of an objet.IntrodutionIn this laboratory you will investigate the interferene and di�ration of light produed by a laser beam passingthrough a set of narrow, adjaent slits. When light passes through a set of slits, eah opening ats as anindependent soure of waves that an overlap one another to produe a distintive pattern of bright and darkspots on a sreen. The position of the bright spots depends on the separation of the adjaent slits and thewavelength of the inident light. In addition, di�ration produed by the individual slits modi�es the intensityof eah spot. To perform the following ativities you will need:
• Laser.
• Phototransistor for measuring light intensity (mounted on rotary motion sensor).
• Set of narrow slits.
• DataStudio 750 Interfae.
• Plumb line.You an measure this interferene/di�ration pattern with the setup shown below. A phototransistor is seatedbehind the narrow opening on top of the metal mount. The phototransistor an translate the intensity of thelight falling on it into a voltage signal that an be read by the omputer. In addition, the phototransistor anbe moved bak and forth on a rotary motion sensor that measures the position of the mount. These two signalsan be ombined to make a graph of the intensity as a funtion of position.
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Fig. 1. View of di�ration apparatus from above.In this unit you will pass light of known wavelength through slits and use the di�ration pattern to determinethe size of the individual slit through whih the light passed.Intensity of InterfereneFor light that passes through two very narrow slits one an alulate a theoretial expression for the interferenepattern that would be produed in suh a situation. The expression is122



25 DIFFRACTION OF LIGHT
Iint = 4I0cos

2(
πd

λ
sin θ)where Iint is the intensity of the light at the phototransistor, I0 is the maximum intensity of the inident light,d is the slit separation, θ is the angular position of the sattered light relative to the inident beam, and λ is thewavelength of the light. This expression has a harateristi shape shown below. We will ompare this preditionof �pure� interferene (without di�ration e�ets) with the measured pattern in the next ativity.
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Fig. 2. Intensity distribution of pure interferene.Ativity 1: The Interferene of Light(a) You are now ready to turn on the laser. DO NOT LOOK DIRECTLY INTO THE BEAM OR POINT THELASER CARELESSLY ABOUT THE ROOM. Turn on the laser and you should see the bright red spot of thebeam striking the wall. You should have a glass plate with a green border and several di�erent slit arrangementson it. Plae the opening in the enter of the plate in the path of the laser beam. The adjaent slits in the enterhole are 0.03295 mm apart.What do you see?
(b) Position the glass plate about 30-40 m from the phototransistor apparatus with the beam striking the enteropening. Plae the apparatus so the intensity pattern is at the same height as the opening in the enter of thedevie mounted on a movable slide. The phototransistor is mounted behind this opening. To make auratemeasurements it is important to arefully determine the geometry of your setup. Chek to see if the slits and thephototransistor mount are perpendiular to the inident laser beam. You also want the phototransistor to �see�as many bright spots as possible. Gently slide the mount bak and forth to make sure the phototransistor staysentered on the interferene pattern. You need to know the perpendiular distane from the enter hole to theposition of the phototransistor. Plae the phototransistor mount at the position of the entral maximum (thebrightest spot) and measure the distane from the enter hole of the slits to the front fae of the phototransistormount. You may �nd it useful to use the plumb line to measure this distane. Reord your result. Thephototransistor itself sits 25.4 mm behind the opening on the front fae of the phototransistor mount.
() Start the �Interferene� ativity in the 132 Workshop folder. When you are ready, lik Start and slowlymove the phototransistor from one side of the slide to the other by turning the wheel on the rotary motion123



25 DIFFRACTION OF LIGHTsensor. Move arefully and take about 4-5 seonds to omplete the motion. When data aquisition is omplete,lik Stop and you will see a graph representing the intensity reading versus the position reading. You shouldsee several distint peaks. This graph is the interferene pattern. If you do not see this pattern, onsult yourinstrutor. Make a hardopy of this graph and attah it to this unit.(d) Is the spaing between the intensity peaks onstant? Is the intensity of eah peak the same? Does it appearthat any peaks are missing? How does the measured intensity spetrum ompare with the one predited for�pure� interferene disussed above? What is di�erent? What is the same?
(e) Measure and reord the Position Reading and Intensity Reading of eah peak in the table below. Use theSmart Tool to aurately read o� the peak positions by liking on the appropriate button along the top ofthe graph. A set of ross-hairs will appear on the plot. Grab the ross-hairs by liking on them and draggingthem to the point you want to measure. The oordinates will be printed by the ross-hairs. Turn o� the laserwhen you are �nished. Position Reading (m) Intensity Reading (%)

Ativity 2: Intensity of Di�rationApplying the same theoretial tehniques that were applied to interferene (see equation above) one an derivea predition for the intensity pattern due to di�ration of light passing through a single slit. The result is
Idiff = Im(

sin(πa
λ sin θ)

πa
λ sin θ

)2

where a is the size of the single slit, θ is the angular position of the phototransistor relative to the inident beam,
Im is the maximum intensity at the enter of the di�ration pattern, and λ is the wavelength of the light. Theshape of this intensity distribution is shown in Figure 3. 124



25 DIFFRACTION OF LIGHT
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Fig. 3. Intensity distribution of di�ration from a single slit.(a) The �gure above shows the di�ration pattern has a entral maximum with a series of points where theintensity goes to zero at positive and negative angles. When is the expression for the intensity in the equationabove equal to zero?
(b) Using the result of part (a), what is the angular position of the minima on either side of the entral maximum?
() Finally, generate an expression for the angular width of the entral maximum in terms of a, λ, and any otheronstants you need.
Combining Interferene and Di�rationBy now you should have realized that your measured intensity distribution does not ompletely agree with thedistribution predited by �pure� interferene as represented by the �rst equation and Figure 2. When light passesthrough a pair of slits di�ration ours at eah individual slit and asts the harateristi pattern desribed bythe seond equation. At the same time there is interferene between the light from di�erent slits that reates aninterferene pattern desribed by the �rst equation. The net e�et is a multipliation of these two equations toyield

Itotal = Im cos2(
πd

λ
sin θ)(

sin(πa
λ sin θ)

πa
λ sin θ

)2where Im is the intensity of the entral maximum, θ is the position of the phototransistor, d is the separation of125



25 DIFFRACTION OF LIGHTthe slits, a is the size of an individual slit, and λ is the wavelength of the light. The shape of this distribution isshown by the solid urve in Figure 4.
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Fig. 4. Intensity distribution of light passing through a pair of slits.The intensity of the interferene peaks is no longer onstant, but is modulated by the di�ration enveloperepresented by the dashed urve. This dashed urve is a plot of the seond equation normalized to the maximumintensity at zero degrees. The intensity of eah peak in the distribution represents the intensity due to thedi�ration e�ets. If more slits are added, then the widths of the individual peaks in Figure 4 beome narrower,but their intensity remains the same. In the next Ativity you will use your data to determine the di�rationpattern and the angular width of the entral di�ration envelope. This width an be used to measure the sizeof the individual slits that produed the distribution.Ativity 3: Measuring the Size of the Slit with the Di�ration Pattern(a) Does the intensity distribution you measured with the phototransistor resemble the pattern shown in Figure4? If not, onsult your instrutor.(b) In Ativity 1 you reorded the position and intensity of the interferene peaks you measured with thephototransistor. How would you alulate the angular position of eah peak relative to the entral maximum?A sketh might be helpful here.
() Use your expression to alulate the angular position of eah interferene peak that you reorded and enteryour results in the table below. Plot intensity versus angular position. Does your plot resemble the shape of thedi�ration pattern shown in Figure 3? If not, onsult your instrutor. Print the plot and attah it to this unit.126



25 DIFFRACTION OF LIGHTAngular Position (radians) Intensity Reading (V)
(d) What is the angular width of the entral maximum in your data? Use the expression from part 2() toalulate the size of the slit. The expeted result is 0.015 mm. What is your perent di�erene? Use thewavelength for the laser light that you found in the unit on interferene of light.
(e) Collet the results for the slit width from the other teams in lass and alulate the average and standarddeviation. Reord the result here. Are your results onsistent with the lass results? Why or why not?
(f) Can you think of any other methods for measuring small separations like this aurately?
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26 THE OPTICAL SPECTRUM OF HYDROGEN26 The Optial Spetrum of HydrogenName Setion DateObjetive
• To determine the wavelengths of the visible lines in the hydrogen spetrum using a spetrometer and adi�ration grating.
• To determine the value of Rydberg's onstant.
• To ompare the predited energy levels with the measured ones.IntrodutionThe spetral lines of the hydrogen spetrum 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. In general, the spetrum ofhydrogen an be represented by Rydberg's formula:

1

λ
= RH

(

1

n2
f

− 1

n2
i

) (3)where nf an be any positive integer and ni takes on the values of nf + 1, nf + 2, nf + 3, and so on and RH isthe Rydberg onstant for hydrogen and equals 1.097× 107m−1.If one writes equation 1 twie�one, say for the Hα wavelength λα, and one for the Hβ wavelength, λβ , thenone an eliminate RH :
1

n2
β
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1
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f

−
(
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λβ

)

(

1

n2
f

− 1

n2
α

) (4)Thus, one one �nds λα and λβ so through trial and error one an determine the value of the three n's in equation2 (reall they all must be integers and (nf < nα < nβ).Ativity 1: Measuring Spetral LinesUse the spetrometer to measure the angle (one on eah side) for eah line and get an average angle for eahline. Calulate the wavelength of eah line using the relation:
λ = d sin θ (5)where d is the di�ration grating spaing.Di�ration grating spaing d = Å

Line θleft θright θaverage Wavelength n(degrees, minutes) (degrees, minutes) (deimal degrees) (Å)
Hα

Hβ

Hγ 128



26 THE OPTICAL SPECTRUM OF HYDROGENAtivity 2: Calulating the Rydberg ConstantUsing pairs of measured wavelengths and guesses for nf and one of the ni's, alulate the other ni in equation2. When this alulated number is lose to an integer you may have the orret value for the other n's. Oneyou have determined the proper n's, alulate a value of RH for eah line and ompare the average of these withthe aepted value. Use your results to predit the value of the next line in the series Hδ. It's measured valueis 4101.2Å. How does your predition ompare?
Rα =

Rβ =

Rγ =

Raverage = % di�erene =
Hδ = % di�erene =Collet values of Raverage from the other groups in the lass and alulate an average and standard deviation.Reord it below. How does this result ompare with the aepted value? How does it ompare with yourindividual measurement? Be quantitative in your answer.
Ativity 3: The Hydrogen Level DiagramMake an energy level diagram showing the transitions you believe you have measured. How do your measuredtransition energies ompare with the predited ones?
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27 CONSERVATION OF ANGULAR MOMENTUM27 Conservation of Angular MomentumName Setion DateObjetivesTo test the Law of Conservation of Angular Momentum and to explore the appliability of angular momentumonservation among objets that experiene no external torques.Apparatus
• A Rotating Disk System
• A mass of 1 kg
• A meter stik and a ruler
• A video analysis system (VideoPoint)OverviewAs a onsequene of Newton's laws, angular momentum like linear momentum is believed to be onserved inisolated systems. This means that, no matter how many internal interations our, the total angular momentumof any system should remain onstant. When one of the objets gains some angular momentum another partof the system must lose the same amount. If angular momentum isn't onserved, then we believe that there issome outside torque ating on the system. By expanding the boundary of the system to inlude the soure ofthat torque we an always preserve the Law of Angular Momentum Conservation.In this unit you will test the notion of the onservation of angular momentum. As in the test of the onservationof linear momentum, we will investigate what happens when two bodies undergo a �rotational� ollision. Youwill drop a large weight onto a rotating disk and determine the moment of inertia, the angular speed, and �nally,the angular momentum of the rotator-disk-weight system before and after this perfetly inelasti ollision.Ativity 1: The Moment of Inertia Before and After the Collision(a) Calulate the theoretial value of the rotational inertia of the metal disk using basi measurements of itsradius and mass. Be sure to state units and show the expression you used!

rd = Md =

Id =(b)The rotating �xture that holds the disk has a omplex shape. We have determined its moment of inertiawithout the disk and reorded the result. Reord that value here. Be sure to state units.
If =() After dropping the weight on the rotating disk, the system will have a new moment of inertia. Derive aformula for the moment of inertia of a disk-shaped weight of mass mw and radius rw revolving about the originat a distane, rr. Measure the mass of the weight and use a vernier aliper to measure its diameter.
Iw =

mw = rw =130



27 CONSERVATION OF ANGULAR MOMENTUM(d) Come up with a formula for the rotational inertia, I, of the whole system before and after the ollision andalulate the moment of inertia before the ollision. Don't forget to inlude the units.
Ibefore =

Iafter =Ativity 2: Measurement of Angular Aeleration(a) Plae the video amera about 1 m above the rotator, align the amera with the enter of the rotator using thependulum, and enter the rotator in the �eld of view of the amera by viewing it with the VideoPoint Capturesoftware. Plae a ruler of known length in the �eld of view of the amera and parallel to one side of the frame.Chek that the rotator is �at with the small water-bubble level.(b) Give the rotator a push and begin reording its motion with the video amera. See Appendix D: VideoAnalysis for details. While the rotator is moving hold the 1 kg weight near the rim of the metal disk and loseto, but not quite touhing, the surfae of the moving metal disk. After at least one revolution of the metal diskdrop the 1-kg mass onto the disk and reord the motion of the disk for at least one revolution afterward.() Measure the distane of the enter of the weight you dropped from the enter of the rotator rr. To do this,measure the distane from the enter of the rotator to the edge of the weight and use the result from Ativity 1part () for the diameter of the weight. Calulate the distane from the origin to the enter of the weight. Usethese results and those from Ativity 1 part (d) to alulate the �nal moment of inertia.
redge = rw = rr =
Iafter =(d) Determine the angular speed before and after the ollision. To do this task see the instrutions in AppendixD: Video Analysis for reating and analyzing a movie �le.1. Find the last frame before you dropped the weight on the rotator and lik on the position of the whitemarker on the metal disk. Under the Edit menu highlight Leave/Hide Trails. Now go bakward throughthe �lm until the rotator has gone through one full rotation. Estimate to the nearest fration of a framehow many frames there are in one revolution. You also need to know the time between frames ∆tframe,whih you an get from the data table in VideoPoint.

Nbefore = ∆tframe =Calulate the time for one revolution before the ollision and the angular speed.
tbefore = ωbefore =2. We now follow a similar proedure to determine the angular speed after the ollision. Under the EditMenu highlight Clear All... to get rid of your previous results. Find the �rst frame after you droppedthe weight on the rotator and lik on the position of the white marker. Now lik forward and estimateto the nearest fration of a frame the number of frames in one full revolution.
Nafter = ∆tframe =Calulate the time for one revolution and the angular speed after the ollision.
tafter = ωafter =131



27 CONSERVATION OF ANGULAR MOMENTUM(e) Calulate the angular momentum before and after the ollision. Calulate the perent di�erene between thetwo results. Is momentum onserved within the experimental unertainty? What is the value of the experimentalunertainty? What is your evidene?
Lbefore =

Lafter =

(f) Would the proedure you followed above hange if the weight was moving horizontally at a onstant veloitywhen you dropped it? If it hanged, what would be di�erent?
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28 A THEORY FOR THE HYDROGEN ATOM28 A Theory for the Hydrogen AtomName Setion DateObjetiveTo use a numerial tehnique to solve the Shroedinger equation for the hydrogen atom, ompare alulationswith spetrosopi measurements from hydrogen, and explore the impliations of the quantum theory espeiallythe quantization of energy in bound systems.Apparatus
• Shrödinger Shooter software
• Results from previous measurements of hydrogen energy transitions.OverviewQuantum mehanis is the theoretial struture used to make sense of the atomi and sub-atomi world. It isbased on a small set of assumptions and a lot of assoiated mathematis.The Postulates of Quantum Mehanis1. The quantum state of a partile is haraterized by a wave funtion Ψ(~r, t), whih ontains all the informa-tion about the system an observer an possibly obtain. The square of the magnitude of the wave funtion
|Ψ(~r, t)|2 is interpreted as a probability or probability density for the partile's presene.2. The things we measure (e.g. energy, momentum) are alled observables. Eah observable has a orre-sponding mathematial objet alled an operator that does `something' to the wave funtion Ψ(~r, t). Forexample, the momentum ~p is assoiated with the operator

h̄

i

(

∂

∂x
î +

∂

∂y
ĵ +

∂

∂z
k̂

)

Ψ(~r, t) (1)where h̄ is Plank's onstant. Making a measurement applies these operators to the wave funtion.3. The spatial dependene of the wave funtion Ψ(~r, t) is governed by the time-independent Shrödingerequation.
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Ψ(~r, t) + V Ψ(~r, t) = EΨ(~r, t) (2)4. The temporal or time dependene of the wave funtion Ψ(~r, t) is governed by a more general version of theShrödinger equation whih is the following.
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Ψ(~r, t) + V Ψ(~r, t) = ih̄
∂

∂t
Ψ(~r, t) (3)We will fous on the �rst three postulates in this laboratory and in partiular on understanding and solvingEquation 2, the Shrödinger equation.Ativity 1: Energy in Three DimensionsConsider a partiular form of the total mehanial energy of a partile in three dimensions
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28 A THEORY FOR THE HYDROGEN ATOMwhere m is the partile's mass, ~v is its veloity, and V (~r) is the potential energy of the partile and dependsonly on the partile's position. We have used the de�nition of the momentum ~p = m~v. The potential energybetween the eletron and proton in a hydrogen atom is the Coulomb potential so
V (~r) = K

q1q2

r
= −K

e2

r
(5)where we have used the known proton and eletron harges.If we have an eletron in the viinity of a proton (i.e. a hydrogen atom), then it is onvenient to rewrite thekineti energy part of Equation 4 in polar oordinates. The proton, eletron and the eletron's veloity vetorform a plane where we an desribe the veloity in terms of a radial omponent and an angular one

~v = vr r̂ + vθ θ̂ (6)where r̂ points radially along a line from the origin to the eletron's position and θ̂ is perpendiular to r̂ andpoints so ounter-lokwise rotations are positive.(a) Take the dot produt of this form of ~v with itself and substitute your result in Equation 4.
(b) Realling that for irular motion vθ = rω where r is the distane of the eletron from the origin and ω isthe magnitude of the angular veloity rewrite your previous result in terms of ω and r.
() We an now de�ne the momentum assoiated with the radial motion as ~pr = m~vr and the momentumassoiated with the angular motion ~L = mr2~ω. The angular momentum L is a onstant of the motion so itis unhanging. Rewrite your energy equation using in terms of pr, L, r, and any other onstants. Inlude theexpliit version of the potential in Equation 5.
(d) You should have found in part 1. that the three-dimensional energy of a partile in a Coulomb �eld an bewritten as

E =
p2

r

2m
+

L2

2mr2
− K

e2

r
(7)where L is a onstant so the energy only depends on r and pr. Note the similarities with the forms of theShrödinger equation in Equations 2-3. Make a sketh of the potential energy as a funtion of r. What are thelimiting values of the potential?
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28 A THEORY FOR THE HYDROGEN ATOM(e) The angular momentum L is a onstant of the motion so the last two terms in Equation 7 an be treated asa single `e�etive' potential that governs the radial motion of partiles. Make a sketh of those last two termsas a funtion of r for onstant L. How is your �gure di�erent from the one in 1.d?
(f) Sine the energy is onstant you an draw it on your previous sketh as a �at, straight line. We are onsideringbound states (the hydrogen atom) so E < 0. Draw an energy line for a bound state. Does your energy `urve'interset the e�etive potential urve anywhere? For a lassial partile like a ball rolling on a hill or a satelliteorbiting the Earth, what happens at this intersetion? Desribe the motion of a lassial partile in this potential.What restritions are there on the energy E of a lassial partile?
Ativity 2: Quantum Preditions(a) What do you expet the wave funtion of the eletron in a hydrogen atom to look like? Copy your drawingfrom part 1.b and add a sketh of your expetation on the same graph. Consider what happens as the e�etivepotential hanges with r.
(b) What happens to your wave funtion as the energy inreases? Make another opy here of the graph ofthe e�etive potential energy that you made in 2.a. Draw an energy urve for a higher energy state than yourprevious one. Now sketh the new, higher-energy wave funtion. How is it di�erent from the urve you made in2.a?
Ativity 3: Solving the Shrödinger Equation(a) We are now ready to start solving the Shrödinger Equation. Go �rst to the All Programs menu, then toPhysis Appliations and lik on Shrödinger Shooter. You will see the Shrödinger Shooter windowlike the one in the next �gure. If you don't see this window, onsult your instrutor.(b) The �rst step is to selet a potential energy funtion. Clik on File and go to New Potential EnergyFuntion. Selet the potential energy funtion most appropriate for the hydrogen atom. Next selet the hargeof the atomi nuleus by entering that value in the box labeled Z: in units of the eletroni harge e. Set the135



28 A THEORY FOR THE HYDROGEN ATOM

Figure 1: Initial panel for Shrödinger Shooterquantum number of the angular momentum to zero in the box labeled L:. Use the seond menu button fromthe left-hand side at the bottom of the Shrödinger Shooter window to hoose Normalized wave funtions(it should be labeled Unnormalized when you start the program). This last hoie makes it easier to omparewave funtions for di�erent quantum numbers. Last, set the initial value of the energy to -1.5 in the box labeledEnergy (Rydbergs): and hit return. The onversion between eV and rydbergs is 13.6056923(12) eV/rydberg.The number in parentheses is the unertainty on the last two digits in the experimental value. At this point youshould see urves in both of the panels. If you don't, onsult your instrutor.() You should see several urves in the upper panel. What quantities do the blue, red, yellow, and green urvesrepresent? Use the legend in the lower right portion of the Shrödinger Shooter window.
(d) You an now adjust the energy of the eletron in the �eld of the proton to �nd the energy levels of hydrogen.There are three ways to hange this energy. There is a slide on the left-hand side of the Shrödinger Shooterwindow. Clik and drag the slide to hange the energy and read the value in the box labeled Energy(Rydbergs)loated near the top of the Shrödinger Shooter window. You an also enter the energy in the same boxlabeled Energy(Rydbergs): as you did in part 3.b. Last, to the right of this last box there are buttons labeledAdjust Energy: that will inrease or derease the energy and hange the step size.136



28 A THEORY FOR THE HYDROGEN ATOM(e) Tune the energy to �nd lowest �ve energy levels in your hydrogen atom by obtaining physially aeptablewave funtions. You may need to inrease the horizontal range to view the full wave funtion. You an do thisby inreasing the value in the box labeled Cutoff: at the bottom of the Shrödinger Shooter window. If youinrease the horizontal sale, then inrease the next box labeled Count: (next to the Cutoff box) by the sameratio. In other words, if you double the uto�, then double the ount. This last parameter ontrols the stepsizeused in the numerial integration of the Shrödinger equation. What does the wave funtion look like when youhave found the orret energy level? What postulate did you exploit to �nd the orret solutions? How does theradial wave funtion hange as the energy inreases? Reord you values for eah of the energy levels below.

Ativity 4: Analysis and Comparison with Previous Data(a) Enter the values you found for the energies in an Exel spreadsheet and onvert the values to eV. Use thesale below to make an energy level diagram for hydrogen.
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(b) In the lab entitled Optial Spetrum of Hydrogen you measured and identi�ed transitions in hydrogen between137



28 A THEORY FOR THE HYDROGEN ATOMdi�erent priniple quantum levels. Using the results in part 4.a alulate the same transitions and reord thembelow.
() Compare your measured results from the Optial Spetrum of Hydrogen with the preditions of your modelin part 4.b. Calulate the perentage di�erene for eah transition. Does your model agree with the data? Bequantitative in your answer.
Ativity 5: The Meaning of Quantum Theory(a) For one of your hydrogen energy states, hange the angular momentum of the quantum state by setting
L = 1 in the box labeled L:. How does the radial wave funtion hange? How muh does the energy hange? Dothe same thing with the next higher energy state. Can you jump to any onlusions about the e�et of angularmomentum on the energy of a quantum state in hydrogen?
(b) Return to the questions in Ativity 2 and examine your preditions. How did you do? Corret any statementsthat you now �nd are wrong.
() What requirement or postulate fores us to hoose partiular energy states (i.e. what auses energy quanti-zation)?
(d) Reonsider a variation of one of the questions in part 1.. In that question you were asked to desribe themotion of a lassial partile like a satellite orbiting the Earth. Desribe the motion of a quantum partile inthe hydrogen atom potential.

138



A TREATMENT OF EXPERIMENTAL DATAA Treatment of Experimental DataReording DataWhen performing an experiment, reord all required original observations as soon as they are made. By "originalobservations" is meant what you atually see, not quantities found by alulation. For example, suppose youwant to know the streth of a oiled spring as aused by an added weight. You must read a sale both beforeand after the weight is added and then subtrat one reading from the other to get the desired result. The propersienti� proedure is to reord both readings as seen. Errors in alulations an be heked only if the originalreadings are on reord.All data should be reorded with units. If several measurements are made of the same physial quantity, thedata should be reorded in a table with the units reported in the olumn heading.Signi�ant FiguresA laboratory worker must learn to determine how many �gures in any measurement or alulation are reliable,or "signi�ant" (that is, have physial meaning), and should avoid making long alulations using �gures whihhe/she ould not possibly laim to know. All sure �gures plus one estimated �gure are onsidered signi�ant.The measured diameter of a irle, for example, might be reorded to four signi�ant �gures, the fourth �gurebeing in doubt, sine it is an estimated fration of the smallest division on the measuring apparatus. How thisdoubtful fourth �gure a�ets the auray of the omputed area an be seen from the following example.Assume for example that the diameter of the irle has been measured as .5264 m, with the last digit beingin doubt as indiated by the line under it. When this number is squared the result will ontain eight digits, ofwhih the last �ve are doubtful. Only one of the �ve doubtful digits should be retained, yielding a four-digitnumber as the �nal result.In the sample alulation shown below, eah doubtful �gure has a short line under it. Of ourse, eah �gureobtained from the use of a doubtful �gure will itself be doubtful. The result of this alulation should be reordedas 0.2771 m2, inluding the doubtful fourth �gure. (The zero to the left of the deimal point is often used toemphasize that no signi�ant �gures preede the deimal point. This zero is not itself a signi�ant �gure.)(.5264 m)2 = .27709696 m2 = 0.2771 m2In multipliation and division, the rule is that a alulated result should ontain the same number of signi�ant�gures as the least that were used in the alulation.In addition and subtration, do not arry a result beyond the �rst olumn that ontains a doubtful �gure.Statistial 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 then analyze these measurementsstatistially. The results of suh an analysis an be represented in several ways. Those in whih we are mostinterested in this ourse are the following:Mean - The mean is the sum of a number of measurements of a quantity divided by the number of suhmeasurements, whih is just the arithmeti mean or the so-alled average. It generally represents the bestestimate of true value of the measured quantity.Standard Deviation - The standard deviation (σ) is a measure of the range on either side of the mean withinwhih approximately two-thirds of the measured values fall. For example, if the mean is 9.75 m/s2 and thestandard deviation is 0.10 m/s2, then approximately two-thirds of the measured values lie within the range 9.65m/s2 to 9.85 m/s2. A ustomary way of expressing an experimentally determined value is: Mean±σ, or (9.75±0.10) m/s2. Thus, the standard deviation is an indiator of the spread in the individual measurements, and asmall σ implies high preision. Also, it means that the probability of any future measurement falling in thisrange is approximately two to one. The equation for alulating the standard deviation is
σ =

√

Σ (xi − 〈x〉)2
N − 1139



A TREATMENT OF EXPERIMENTAL DATAwhere xi are the individual measurements, 〈x〉 is the mean, and N is the total number of measurements.% Di�erene - Often one wishes to ompare the value of a quantity determined in the laboratory with thebest known or "aepted value" of the quantity obtained through repeated determinations by a number ofinvestigators. The % di�erene is alulated by subtrating the aepted value from your value, dividing by theaepted value, and multiplying by 100. If your value is greater than the aepted value, the % di�erene willbe positive. If your value is less than the aepted value, the % di�erene will be negative. The % di�erenebetween two values in a ase where neither is an aepted value an be alulated by hoosing one as the aeptedvalue.
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B INTRODUCTION TO DATASTUDIOB Introdution to DataStudioQuik Referene GuideShown below is the quik referene guide for DataStudio.

Seleting a Setion of Data1. To selet a data setion, hold the mouse button down and move the ursor to draw a retangle around thedata of interest. The data in the region of interest will be highlighted.2. To unselet the data, lik anywhere in the graph window.Fitting a Setion of Data1. Selet the setion of data to be �tted. 141



B INTRODUCTION TO DATASTUDIO2. Clik on the Fit button on the Graph Toolbar and selet a mathematial model. The results of the �t willbe displayed on the graph.3. To remove the �t, lik the Fit button and selet the heked funtion type.Finding the Area Under a Curve1. Use the Zoom Selet button on the Graph Toolbar to zoom in around the region of interest in the graph.See the quik referene guide above for instrutions.2. Selet the setion of data that you want to integrate under.3. Clik the Statistis button on the Graph Toolbar and selet Area. The results of the integration will bedisplayed on the graph.4. To undo the integration, lik on the Statistis button and selet Area.
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C VIDEO ANALYSISC Video AnalysisMaking a MovieTo make a movie, perform the following steps:1. Start up Videopoint Capture by going to Start → Programs → Physis Appliations → VideoPoint → VPCapture. The program will �rst ask you to hoose a �le name and loation for the video you are going tomake. You should hoose to put the �le on the Desktop.2. Before you start making a movie, lik on the Capture rate box and set the apture rate to 30 frames perseond. Also, go to the Size & Colors under the Capture Options menu, and hoose the largest availablesize for the video.3. Go to Preferenes under the Edit menu. Chek the box that says Convert Captured File Before Editing.A dialog box will pop up; selet the Intel Indeo Video 4.5 option and lik OK. Clik OK again to losethe Preferenes box. (If you forget to do this step, you won't be able to analyze the video.)4. You should always have the amera about 1 m or more from the objet you will be viewing. This onstraintis required to redue the e�et of perspetive for objets viewed near the edge of the �eld of view. Point theamera so that its �eld of view is entered on the expeted region where you will perform the experiment.5. Make sure the amera is foused by rotating the barrel on the outside of the lens until you have a learpiture.6. During the analysis of the movie (see next setion) we need to determine the size and position of objets inthe movie. Plae a ruler or some objet of known size in the �eld of view where it won't interfere with theexperiment. The objet should be the same distane away from the amera as the motion so the horizontaland vertial sales will be aurately determined. It should also be parallel to one of the sides of the movieframe.7. One member of your group should perform the omputer tasks while the others do the experiment.8. To start reording your video, lik Reord. When you're done, lik Stop.9. The next step is to deide how muh of the movie to save. Use the slider to step through the movie frameby frame. When you �nd the �rst frame you want to save, lik First. When you �nd the last frame youwant to save, lik Last. (You may want to save the entire movie, in whih ase First and Last really willbe the �rst and last frames. Often, though, there will be �dead� time either at the beginning or the end ofthe movie, whih you might as well ut out before saving.)10. After you've seleted the range of frames you want to save, the button at the lower right should say Keep.Make sure that the box next to this button says All. (If it says Double, hange it to All.) Then lik Keepand Save. You will see a quik replay of the movie as Videopoint onverts and saves it.11. Clik Open in VideoPoint.Analyzing the MovieTo determine the position of an objet at di�erent times during the motion, perform the following steps:1. VideoPoint will request the number of objets you want to trak in the movie. Carefully read the instru-tions for the unit you are working on to �nd this number. Enter it in the spae provided. You will nowsee several windows. (Note: You may have to move the movie window out of the way to see the otherwindows.) One ontains the movie and has ontrol buttons and a slider along the bottom of the frame toontrol the motion of the �lm. Experiment with these ontrols to learn their funtion. Another windowbelow the movie frame (labeled Table) ontains position and time data and a third window to the right ofthe frame (labeled Coordinate Systems) desribes the oordinate system in use.143



C VIDEO ANALYSIS2. This is a good time to alibrate the sale. Go to a frame where an objet of known size is learly visible(see item 6 in the previous setion). Under the Movie menu highlight Sale Movie. A dialog box willappear. Enter the length of the objet and set Sale Type to Fixed. Clik Continue. Move the ursorover the frame and lik on the ends of saling objet.3. You are now ready to reord the position and time data. Go to the �rst frame of interest. Move the ursorover the frame and it will hange into a small irle with an attahed label. Plae the irle over the objetof interest in the frame and lik. The x and y positions will be stored and the �lm advaned one frame.Move the irle over the position of the objet in the frame and repeat. Continue this proess until youhave mapped out the motion of the objet. If you entered more than one objet to keep trak of when youopened the movie, then you will lik on all those objets in eah frame before the �lm advanes.4. When you have entered all the points you want, go to the File menu and selet Export data. This willallow you to save your data table as an Exel �le. Save this �le on the desktop (by liking on the �Open�button, whih atually doesn't open anything), and double-lik on the saved �le to start up Exel. Youwill now be able to ontinue your data analysis in Exel.5. One you have looked at your data in Exel and made sure everything looks OK, you an quit VideopointAnalysis. If you are sure you have exported your data orretly to Exel, there is no need to save inVideopoint.Changing the OriginTo hange the position of the origin take the following steps.1. Clik on the arrow ion near the top of the menu bar to the left. The ursor will be shaped like an arrowwhen you plae it on the movie frame.2. Clik at the origin (where the axes ross) and drag the origin to the desired loation.3. Clik on the irle at the top of the menu bar to the left to return to the standard ursor for markingpoints on the �lm.Using a Moving Coordinate SystemTo reord the position of an objet and to hange the oordinate system from frame to frame take the followingsteps.1. Open the movie as usual and enter one objet to reord. First we have to selet the existing origin andhange it from a �xed one to a moving one. Clik on the arrow near the top of the menu bar to the left.The ursor will have the shape of an arrow when you plae it on the movie frame. Clik on the existingorigin (where the axes ross) and it will be highlighted.2. Under the Edit menu drag down and highlight Edit Seleted Series. A dialog box will appear. Clikon the box labeled Data Type and highlight the seletion Frame-by-Frame. Clik OK.3. Clik on the irle at the top of the menu bar to the left to hange the ursor bak to the usual one formarking points. Go to the �rst frame of interest. When the ursor is plaed in the movie frame it will belabeled with �Point S1.� Clik on the objet of interest. The �lm will NOT advane and the label on theursor will hange to �Origin 1.� Clik on the desired loation of the origin in that frame. The �lm willadvane as usual. Repeat the proedure to aumulate the x- and y-positions relative to the origin you'vede�ned in eah frame.
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D INSTRUMENTATIOND InstrumentationIntrodutionBeing both quantitative and experimental, physis is basially a siene of measurement. A great deal of e�orthas been expended over the enturies improving the auray with whih the fundamental quantities of length,mass, time, and harge an be measured.It is important that the appropriate instrument be used when measuring. Ordinarily, a rough omparison witha numerial sale, taken at a glane and given in round numbers, is adequate. Inreasing preision, though,requires a more aurate sale read to a fration of its smallest division. The �least ount� of an instrument isthe smallest division that is marked on the sale. This is the smallest quantity that an be read diretly withoutestimating frations of a division.Even at the limit of an instrument's preision, however, aidental errors� whih annot be eliminated�stillour. These errors result in a distribution of results when a series of seemingly idential measurements are made.The best value, known as the most probable value, is the arithmeti mean or average of the measurements.Other errors, harateristi of all instruments, are known as systemati errors. These an be minimized byimproving the equipment and by taking preautions when using it.Length MeasurementThree instruments will be available in this lass for length measurements: a ruler (one- or two-meter stiks,for example), the vernier aliper, and the mirometer aliper.The Meter StikA meter stik, by de�nition, is 1 meter (m) long. Its saled is divided, and numbered, into 100 entimeters (m).Eah entimeter, in turn, is divided into 10 millimeters. Thus 1 m = 10−2 m, and 1 mm = 10−1 m = 10−3 m.When measuring a length with a meter stik, di�erent regions along the sale should be used for the series ofmeasurements resulting in an average value. This way, non-uniformities resulting from the meter stik manu-faturing proess will tend to anel out and so redue systemati errors. The ends of the stik, too, should beavoided, beause these may be worn down and not give a true reading. Another error whih arises in the readingof the sale is introdued by the positioning of the eyes, an e�et known as parallax. Unertainty due to thise�et an be redued by arranging the sale on the stik as lose to the objet being measured as possible.The Vernier CaliperA vernier is a small auxiliary sale that slides along the main sale. It allows more aurate estimates of frationalparts of the smallest division on the main sale.On a vernier aliper, the main sale, divided into entimeters and millimeters, is engraved on the �xed part ofthe instrument. The vernier sale, engraved on the movable jaw, has ten divisions that over the same spatialinterval as nine divisions on the main sale: eah vernier division is 9
10 the length of a main sale division. Inthe ase of a vernier aliper, the vernier division length is 0.9 mm. [See �gures below.℄0 10.00 0 10.051 21.23Examples of vernier aliper readings145



D INSTRUMENTATIONTo measure length with a vernier aliper, lose the jaws on the objet and read the main sale at the positionindiated by the zero-line of the vernier. The frational part of a main-sale division is obtained from the �rstvernier division to oinide with a main sale line. [See examples above.℄If the zero-lines of the main and vernier sales do not oinide when the jaws are losed, all measurements will besystematially shifted. The magnitude of this shift, alled the zero reading or zero orretion, should be notedand reorded, so that length measurements made with the vernier aliper an be orreted, thereby removingthe systemati error.The Mirometer CaliperA mirometer aliper is an instrument that allows diret readings to one hundredth of a millimeter and esti-mations to one thousandth of a millimeter or one millionth of a meter (and, hene, its name). It is essentiallya arefully mahined srew housed in a strong frame. To measure objets, plae them between the end of thesrew and the projeting end of the frame (the anvil). The srew is advaned or retrating by rotating a thimbleon whih is engraved a irular sale. The thimble thus moves along the barrel of the frame whih ontains thesrew and on whih is engraved a longitudinal sale divided in millimeters. The pith of the srew is 0.5 mm, sothat a omplete revolution of the thimble moves the srew 0.5 mm. The sale on the thimble has 50 divisions,so that a turn of one division is 1
50 of 0.5 mm, or 0.01 mm.Advane the srew until the objet is gripped gently. Do not fore the srew. A mirometer aliper is a deliateinstrument.To read a mirometer aliper, note the position of the edge of the thimble along the longitudinal sale andthe position of the axial line on the irular sale. The �rst sale gives the measurement to the nearest wholedivision; the seond sale gives the frational part. It takes two revolutions to advane one full millimeter, sonote arefully whether you are on the �rst or seond half of a millimeter. The result is the sum of the two sales.(See examples below).
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5As with the vernier aliper, the zero reading may not be exatly zero. A zero error should be heked for andreorded, and measurements should be appropriately orreted.Mass MeasurementThree kinds of instruments will be available to determine mass: a digital sale and two types of balanes. Theoperation of the �rst instrument is trivial, and so will not be explained here.146



D INSTRUMENTATIONPlease understand that with eah of these instruments we are really omparing weights, not masses, but theproportionality of weight and mass allows the instruments to be alibrated for mass.The Equal-Arm BalaneThe equal-arm balane has two trays on opposite sides of a pivot. The total mass plaed on one tray required tobalane the objet on the other gives the mass of the objet. Most equal-arm balanes have a slider, as well, thatan move along a sale and allow for greater preision than the smallest alibrated mass available. Typially,this sale has 0.5 g divisions.The Triple-Beam BalaneThe triple-beam balane, so-alled beause of its three slider sales, an be read to 0.1 g and estimated to halfthat. With an objet on the tray, the masses of the di�erent sales are slid to nothes until balaned. Get losewith the larger masses �rst and then �ne-adjust with the smallest slider.Time MeasurementTime measurements in this ourse will be made either with a omputer or with a stop wath. This �rst is outof your ontrol.The Stop WathThe stop wathes you will use in lass have a time range of from hours to hundredths of a seond. There are twobuttons at the top: a stop/start button and a reset button. The operation of these should be evident, althoughone the wath is reset, the reset button also starts the wath (but doesn't stop it). Please be aware of thisfeature.Charge MeasurementsThe magnitude of harge is among the most di�ult measurements to make. Instead a number of indiretmeasurements are undertaken to understand eletri phenomena. These measurements are most often arriedout with a digital multimeterThe Digital MultimeterThe digital multimeters available for laboratory exerises have pushbutton ontrol to selet �ve a and d voltageranges, �ve a and d urrent ranges, and six resistane ranges. The ranges of auray are 100 mirovolts to1200 volts a and d, 100 nanoamperes to 1.999 amperes a and d, and 100 milliohms to 19.99 megaohms.To perform a DC voltage measurement, selet the DCV funtion and hoose a range maximum from one of 200millivolts or 2, 20, 200, or 1200 volts. Be sure the input onnetions used are V-Ω and COMMON. The same istrue for AC voltage, regarding range and inputs, but the ACV funtion button should be seleted.For DC urrent hoose DC MA (for DC milliamperes), while for AC urrent hoose AC MA. Your hoies forlargest urrent are 200 miroamperes or 2, 20, 200, or 2000 milliamperes. Chek that the input are onnetedto MA and COMMON.There are two hoies for resistane measurement: Kilohms (KΩ) and Megohms (20MΩ). The input onnetorsare the same as when measuring voltage, namely V-Ω and COMMON. The range swithes do not funtion withthe Megohm funtion, but one of the range buttons must be set. The maximum settings for Kilohm readingsare 200Ω or 2, 20, 200, or 2000kΩ.
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E INTRODUCTION TO EXCELE Introdution to ExelMirosoft Exel is the spreadsheet program we will use for muh of our data analysis and graphing. It is apowerful and easy-to-use appliation for graphing, �tting, and manipulating data. In this appendix, we willbrie�y desribe how to use Exel to do some useful tasks.E.1 Data and formulaeThe �gure below shows a sample Exel spreadsheet ontaining data from a made-up experiment. The experi-menter was trying to measure the density of a ertain material by taking a set of ubes made of the material andmeasuring their masses and the lengths of the sides of the ubes. The �rst two olumns ontain her measuredresults. Note that the top of eah olumn ontains both a desription of the quantity ontained inthat olumn and its units. You should make sure that all of the olumns of your data tables do as well. Youshould also make sure that the whole spreadsheet has a desriptive title and your names at the top.In the third olumn, the experimenter has �gured out the volume of eah of the ubes, by taking the ube of thelength of a side. To avoid repetitious alulations, she had Exel do this automatially. She entered the formula�=B3∧3� (without the quotes) into ell C3. Note the equals sign, whih indiates to Exel that a formula isoming. The ∧ sign stands for raising to a power. After entering a formula into a ell, you an grab the squarein the lower right orner of the ell with the mouse and drag it down the olumn. This will opy the ell, makingthe appropriate hanges, into the rest of the olumn. For instane, in this ase, ell C4 ontains the formula�=B4∧3,� and so forth.Column D was similarly produed with a formula that divides the mass in olumn A by the volume in olumnC.At the bottom of the spreadsheet we �nd the mean and standard deviation of the alulated densities (thatis, of the numbers in ells D3 through D6). Those are omputed using the formulae �=average(D3:D6)� and�=stdev(D3:D6)�.
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E INTRODUCTION TO EXCEL E.2 GraphsE.2 GraphsMaking graphs in Exel is relatively easy. First, use the mouse to selet the olumns of numbers you want tograph. (If the two olumns aren't next to eah other, selet the �rst one, then hold down the ontrol key whileseleting the seond one.) Then lik on the �hart wizard� button (whih looks like this ).There are a number of di�erent styles of graphs that the hart wizard an generate. In nearly every ase, youwill want to selet an �XY (satter)� graph. Clik �Next� to proeed to ustomize your graph. The most usefulustomization options ome in step 3 of the proess. Under �Title,� you an put appropriate labels on the x and
y axes of your graphs and give the overall graph a desriptive title. All graphs must have orretly labeledaxes (inluding units). If the graph ontains only one set of data points, you may wish to unhek the boxthat says �Show legend�: the information in the legend is probably already ontained in the title and axis labels,so the legend just takes up spae.Sometimes, you may want to make a graph in Exel where the x olumn is to the right of the y olumn in yourworksheet. In these ases, Exel will make the graph with the x and y axes reversed. There are at least twoways to �x this problem. The simplest way is to make a opy of the y olumn in the worksheet and paste it sothat it's to the right of the x olumn. If you don't want to do that, here's another way. In step 2 of the hartwizard, look under the �Series� tab. Clik on this ion next to the plae where it says �X values.� You annow selet whih olumn of data you want to go on the x axis. Do the same thing to selet the orret y olumn.E.3 Fitting lines and urvesAfter you've made a graph, you an have Exel draw a straight line or urve that is a best �t to the data. Underthe �hart� menu, selet �Add trendline.� The most ommon sort of trendline you will add is a linear �t, butyou an also have Exel draw other sorts of best-�t urves. Under the �options� tab, you an hek a box thatauses Exel to display the equation for the line or urve it has drawn. Exel will not put the orret unitson the numbers in this equation, but you should.
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F NUCLEAR SAFETYF Nulear SafetyAll of the radioative soures we will use in lass are very low-level isotopes referred to as �liense-free� soures.The following guidelines should be followed for handling radioative materials in the lassroom.1. Eating, drinking, and appliation of osmetis in the laboratory are not permitted.2. Pipetting by mouth is never permitted. Use sution devies suh as pipette �lters.3. Gloves and lab oats should be worn when working with all liquid isotopes.4. Before leaving the lab, wash your hands thoroughly and hek for possible ontamination with a surveyinstrument.5. All radioative liquid wastes are to be poured into the liquid waste ontainer, NEVER into a sink.6. Report all spills, wounds, or other emergenies to your instrutor.7. Maintain good housekeeping at all times in the lab.8. Store radioative material only in the designated storage area. Do not remove soures from the lab.
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