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Introduction

The Advanced Placement Physics program has long advocated the inclusion of laboratory work in the syllabus of the Physics B and Physics C courses. One reason for this is that laboratory work can provide additional opportunities for learning and exploring physical concepts that are learned in the classroom. A second reason is that most college courses include a laboratory component in the introductory physics course. If AP Physics is to be a course equivalent to an introductory college course, the AP course should also include a fair amount of lab work.

How much time ought to be spent on lab work? The College Board has found that lab work counts for approximately 20% of the grade in introductory physics courses, with about one lab experiment being performed each week. Many high school faculty are uneasy at setting aside a double period, or two regular class periods, each week to accommodate lab work. If a lab a week is not possible, determine how much time can be spent on lab work without diluting the curriculum, realizing that both in terms of providing a quality course and preparing the students for the exam, some lab work is necessary.

The following lab manual was written in order to provide some assistance and advice on setting up a lab component for the AP Physics B and C courses. It is not a sequence of experiments that must be followed. It does not include an array of specialized techniques that must be mastered. It does provide an introduction to data analysis, and experimental procedure. There is an emphasis on graphical analysis, with some statistical analysis. The equipment used is often simple. Circuit diagrams and drawings are provided to allow teachers to build, rather than buy, equipment that is unique to some experiments. Computer acquisition and analysis of data is not emphasized, although many experiments may be carried out with computer-based interfaces and sensors. This lab manual is written less for the experienced teacher with decades of work in the classroom, and more for the neophyte teacher who needs some advice on what may be done, often with limited facilities and time, to put lab work into the AP curriculum. 
After deciding to incorporate lab work into the course, a teacher must then decide how much structure to impose on the students’ lab work. At one end of the spectrum, the students manipulate lab equipment in a way that is clearly defined in a detailed procedure given to them by the teacher. The results that the students obtain are then checked against the results expected for the experiment. In this approach, the students do little if any work in setting up or designing the experiment. This approach, sometimes derisively referred to as the “cookbook” approach, is the one that is employed in the overwhelming majority of college physics courses. While it may be useful in acquainting students with the operation of equipment that they are unfamiliar with, it is largely ineffective in enhancing student understanding of the physical concepts being studied.

At the other end of the pedagogical spectrum, students engage in open investigations with minimal guidance from the instructor. The students are responsible for the design of the lab exercise, putting together the experimental apparatus, carrying out the experiment, analyzing the data, and extracting a conclusion from their analysis. For highly self-motivated and clever students, this is a wonderful way to do experimental physics. For most students, it turns into an exercise in frustration.

The middle way emphasizes student involvement in the lab by requiring them to do more than follow in a lockstep manner a tried-and-true recipe. Instructors set definite goals for the laboratory exercise, provide some of the procedure, but require students to set up, or modify lab set-ups used in previous labs or classroom demonstrations. Students determine what data to take, and how to analyze it, in order to accomplish the objectives set by the instructor.

Ideally, we move the students from complete dependence on a lab procedure generated by the teacher to the point where the student can carry out independent investigations. Realistically, what can be expected in the introductory course is to begin to wean the students away from complete dependence to the point where they can perform labs along the lines of the middle way suggested above.

The labs in the AP lab manual may be presented to students in as open-ended a manner as the teacher feels comfortable with. When students first encounter some pieces of equipment, such as a voltmeter or a motion sensor, they require more guidance than they do later in the course after they become familiar with these pieces of apparatus. This does not mean that the kinematics labs must be done in a cookbook fashion. Many AP students have already had a course in high school physics before they take the AP course, and have some familiarity with the lab equipment. In those cases, labs early in the term can begin in a more open-ended manner.

For this reason, the AP lab manual does not mandate that experiments be done in a particular manner. The lab exercises write-ups offered in the manual discuss the motivation for and theory behind a particular exercise, describe the procedure for carrying it out, and suggest ways of analyzing the data. These lab exercises in the AP lab manual are not the canonical set of laboratory exercises that must be included in an AP Physics course. The exercises described in the lab manual cover many of the phenomena studied in the Physics B and Physics C courses. The coverage is not complete. The purpose of the manual is not to present the best 19 introductory physics lab exercises. The purpose is to provide a set of exercises that illustrate the laboratory skills that are central to investigations in physics.

Safety has been a concern in determining which lab exercises to include in the manual. Most of the experiments can be undertaken knowing there is no risk to the students. Some, particularly the optics experiments that use a laser, require the teacher to adopt rigorous safety protocols. Any teacher using a laser, or a piece of equipment that uses line voltage (the 110 VAC that comes out of most wall sockets) should prepare the class for the lab with a presentation on the hazards that the lab equipment presents, and the safety procedures to be used in lab. We strongly suggest that teachers take advantage of summer workshops and institutes to become familiar with equipment before using it in the classroom.

The following index provides a guide to the experiments in the lab manual. The title of the experiment is given, and the objectives listed in terms of the physical concept investigated, and the lab technique taught.

	Lab Exercise
	Concept
	Lab Skill

	Mechanics
	
	

	Diluting Gravity 1
	One-Dimensional Kinematics
	Graphical Analysis Error Analysis

	Diluting Gravity 2
	One-Dimensional Kinematics
	Computer Acquisition Data Analysis

	The Coffee Filter and Air Resistance
	One-Dimensional Dynamics
	Graphical Analysis

	Elastic Collisions
	Conservation of Momentum
One and Two Dimensional Collisions
	Error Analysis

	The Turning Point
	Conservation of Energy
Circular Motion
	Graphical Analysis Error Analysis

	The Whirligig
	Circular Motion
	Error Analysis Statistical Analysis of Error

	Hooke’s Law and Harmonic Motion
	Hooke’s Law
	Graphical Analysis

	Electricity and Magnetism (all labs can be used to teach breadboarding techniques)

	Ohm’s Law 1 
	Ohm’s Law
	Graphical Analysis

	Ohm’s Law 2
	Real vs. Ideal Test Instruments
	Error Analysis Graphical Analysis

	Electrical Power And Batteries 1
	Internal resistance of batteries, 
Joule heating
	Graphical analysis, Numerical integration

	Electrical Power And Batteries 2
	Internal resistance of batteries, 
Joule heating
	Graphical analysis, Curve fitting

	RC Time Constant 1
	RC circuits
	Graphical Analysis Error Analysis

	RC Time Constant 2
	RC circuits
	Using an Oscilloscope Graphical Analysis

	Magnetic Fields 1
	Biot-Savart Law
	Graphical Analysis

	Magnetic Fields 2
	Strength and Direction Of the Earth’s Field
	Error Analysis 
Vector Algebra


	Lab Exercise
	Concept
	Lab Skill

	Optics
	
	

	Determining n
	Index of refraction of a Rectangular Slab
	Error Analysis
Statistical Analysis of Error
Laser Safety

	The Diffraction Grating
	Interference
	Error Analysis 
Laser Safety

	Modern Physics
	
	

	Planck’s Constant on the Cheap
	Photoelectric Effect with LEDs 
	Graphical Analysis Error Analysis

	The Photoelectric Effect
	Photoelectric Effect
	Graphical Analysis Error Analysis


Mechanics Experiments

The array of possible experiments in mechanics can be daunting, even for experienced teachers. In this section we present a selection of experiments that cover one-dimensional kinematics, two-dimensional kinematics, dynamics, rotational motion, and oscillatory motion. Most of these experiments may be done with simple equipment; one does require the use of a computer or calculator-based lab (CBL) system to acquire and analyze data.

The equipment required for most of these labs is cheap, easily transported and stored, and robust. In mechanics, the primary quantities of interest are distance, time, and mass. Each lab setup should have a meter stick or two, a stopwatch, and a set of calibrated masses. If a set of calibrated masses is too pricey you might consider purchasing a few inexpensive balances.

The dynamics lab will require the use of photogate timers, and a variation of that lab is described that uses motion sensors as well. Each of the labs has some specialized equipment or materials as well, but an effort has been made to keep the financial outlay for new equipment small. The need to do labs in AP Physics can serve to acquire additional funds for equipment from budget-conscious administrators, but the emphasis in lab should always be on having as many students as possible participate directly in the lab exercise. It is better to have a large number of simple lab setups than a small number of gee-whiz setups.

We strongly recommend that students graph data by hand in the first few labs before using computer spreadsheets and graphing packages to do graphing for them. The reason is for this is that students who use only graphing programs often do not understand what such basic quantities as slope and y-intercept mean. The slope of a line becomes simply an answer generated by the program, and not a quantity that expresses the rate of change of one variable with respect to another. Students should be encouraged to use computers to analyze data, even if they don’t use computers in the lab to acquire data, but only when their use elucidates rather than obscures the interpretation of data.

One of the questions that all physics teachers face when designing a set of laboratory exercises that illustrate the principles of mechanics is the degree to which computers are used to acquire and analyze data. To some, the lack of computers can be seen as a bar to doing interesting physics labs. We suggest that while a computer can be an extremely useful tool in the high-school lab, they should not become the focus of the lab activity. The emphasis should be on the physical principles, not the manipulation of software.

Diluting Gravity: A Computer-Based Laboratory

Introduction

The kinematics of one-dimensional motion is usually the first material covered in an introductory physics course. When confined to the case of constant acceleration, one-dimensional kinematics provides a subject that is amenable to classroom analysis and, laboratory study both in non-calculus and calculus based courses. The kinematic equations describe the position x and the velocity v of an object in terms of its initial position xo, its initial velocity vo, the time t, and the object’s acceleration a. The two equations used in this lab are


x = xo + vot + ½ at2
(1)

v = vo + at
(2)

If the object of interest falling freely, the acceleration is commonly symbolized by g, which has a magnitude of 9.8 m/s2. In this lab, we dilute g, by having the object accelerate down an inclined plane. We reduce the friction that the object experiences by using a glider on an air track as the object. When we raise one end of the air track so that it makes an angle θ with respect to the horizontal, the acceleration down the inclined air track is given by equation 3.


a = g sinθ 
(3)

If we start the glider from rest, equations (1) and (2) may now be written as


x = xo + ½ (g sinθ) t2
(4)

v = (g sinθ) t
(5)

Equipment

Two ways of doing this lab are presented here. Both require an air track and air track glider. One method uses a pair of photogates to measure the time during which the object moves on the track. The other method uses a sonic ranger and computer data acquisition system to obtain the glider’s position as a function of time. If time permits, it is useful to do the lab both ways in order to introduce students to the advantages and disadvantages of computer data acquisition.


[image: image1] Figure 1:  Diluting Gravity Setup

Experimental Procedure 1

The students find the factor sinθ by taking the ratio of the height H by which they raise the air track to the distance L between the air track supports, as shown in Figure 1 above. An easy and reproducible way to raise the track is to place a metal block under the supports at one end of the air track. A pair of blocks, one 0.5 inches high and one 1.0 inches high, allow the student to obtain data at three different track inclinations. The height of the metal blocks may be measured with a vernier caliper, and the distance between the air track supports with a meter stick. When the students calculate sinθ, they need to be careful about the number of significant figures they use. For example, suppose the distance L between the supports is 90.5+0.1 cm, and the height H of the metal block is 2.531+0.001 cm. The three significant figures in the measurement of L mean that the calculated value of sinθ should have only three significant figures.

The time measurement is taken by the two photogates, which are separated by a distance S. The timer starts when the glider passes through the first gate, and stops when the glider passes through the second. The students vary the photogate separation S, and record the time it takes for the glider to traverse those separations. If the glider is released so that it triggers the first photogate as soon as the glider starts down the ramp, then Equation 4 may be written as


S = ½ (g sinθ)t2
(6)

Thus a plot of t2 versus S should yield a straight line with a slope equal to the reciprocal of  ½ (g sinθ).

The places where problems arise in this lab are making sure that the glider triggers the first photogate as the glider starts down the ramp, and measuring the separation of the photogates. Determining the error associated with measuring the separation of the gates is straightforward. The error associated with the delayed triggering of the first photogate is a bit more involved. If the glider is released a distance R before it triggers the first photogate it has a nonzero velocity v1 at the beginning of the interval S. Now we need to determine that initial velocity, to determine the size of the error it introduces. Rearranging Equations (1) and (2) to eliminate time, we obtain


2a(x—xo) = v2-vo2
(7)

Here v is the velocity v1 as the glider reaches the first photogate, vo is zero, the acceleration a is equal to g sin(, and (x - xo) is equal to R. The velocity v1 is then given by


v12 = 2gR sin(
(8)

Now assume that we want to limit the error introduced by the nonzero velocity v1 to be less than 5% of the total distance S for the time t of the whole experiment. This implies


(.05)[½ g sinθ t2] = v1 t
(9)

(.025) g sin( t = [2gR sin(]1/2

R = (.0031) g t2 sin(
(10)
For a t value of 4.5 seconds, and sin( equal to 0.01, we obtain R equal to .0062 meters, or about one quarter inch. Students should plug in their own numbers to convince themselves that their results are not greatly affected.

Experimental Procedure 2

In the second procedure the student employs a technology, the sonic ranging sensor, that has been in use in physics classrooms for two decades. The sonic ranging sensor determines the distance to an object by measuring the time it takes for an ultrasonic pulse to travel from the sensor to the target and back again. Good results are obtained for flat objects that are perpendicular to the direction of propagation of the ultrasonic pulses, as long as these objects are at least 5 cm by 5 cm. This usually means that a small cardboard flag must be mounted on the air track glider. The sensors often have a dead spot, or region where measurements are inaccurate, extending from the sensor out to a distance of 20 cm.

With these restrictions in mind, using the sensor is straightforward. It is best to mount the sensor at the raised end of the track, so that the glider moves further away with the passage of time. The glider is released, then the sensor is triggered so that the computer can begin acquiring data. The data appear on the computer monitor, and may be fit to a quadratic equation using the curve fitting program available with the data acquisition software. The coefficient of the linear term is equal to the velocity of the glider at the beginning of the data acquisition interval. The coefficient of the quadratic term is equal (g sinθ)/2. Data are easy to acquire and analyze using this apparatus, and several trials may be run with gliders of different mass to show that the acceleration is independent of the glider’s mass.

In addition to curve fitting, data acquisition programs often allow students to differentiate the data, so that the differential of the displacement with respect to time may be displayed. Students should use this feature first to obtain a velocity versus time graph, then an acceleration versus time graph. When they obtain these graphs, they see that the velocity versus time graph is not a smooth linear graph with a positive slope, and the acceleration versus time graph is not a constant with respect to time. This leads to a discussion of how the computer processes the data when it differentiates numerically, and the apparent discrepancy that results when compared to the expected velocity versus time, and acceleration versus time, graphs. That discussion is useful in showing the students the power, and the limitations, of their data processing program. They should see that curve fitting, since it is a best fit to all of the data, is a better method of obtaining the glider’s acceleration than two numerical successive differentiations. These numerical differentiations can introduce artifacts into the data that can obscure the underlying phenomenon of motion with constant acceleration.

If students begin the lab with the working hypothesis that the glider is undergoing constant acceleration, one test of that hypothesis is to fit the data to a higher order polynomial. Students can use their data processing software to fit their data to a third-degree or higher order polynomial. The coefficients of the terms that are of cubic order or higher should be very small compared to the linear and quadratic terms. If the quadratic term is the highest significant term, this indicates that the object is undergoing constant nonzero acceleration.
The Coffee Filter and Air Resistance

Introduction

Students are introduced to the concept of air resistance as a velocity-dependent force early in their study of mechanics. They are often quickly counseled to ignore it, except perhaps for the occasional problem involving finding a terminal velocity. If an object of mass M falls under the influence of gravity and a drag force Fdrag we may write Newton’s Second Law as:


Mg – Fdrag = Ma
(1)

Here a is the acceleration of the object, and Mg is the weight of the object. We may model the drag force Fdrag as shown in Equation 2


Fdrag = bVn
(2)

Here the drag coefficient b is a constant that depends on the shape of the object, and V is the velocity of the object. For objects moving at low velocity through air n is usually close to 2. By substituting Equation 2 into Equation 1 we obtain:


Ma = Mg – bVn
(3)

As an object falls from rest the velocity increases until the drag force and the weight are equal in magnitude. The acceleration is then zero, and we have


Mg = bVn
(4)

This may be rearranged to give the terminal velocity Vf:

Vf = (Mg/b)1/n
(5)

Now by taking
the logarithm of both sides of Equation 5 we obtain

ln(Vf) = (1/n) [ln(M) + ln(g) – ln(b)] 
(6)

This may be rewritten as


ln(Vf) = (1/n) ln(M) + C
(7)

where C is a constant equal to (l/n)[ln(g) — ln(b)]

We can now determine the coefficient n of the velocity V if we can determine the terminal velocities V~ for a variety of masses. A log-log plot of the terminal velocity versus the mass then yields a linear plot with a slope of 1/n.

The problem with varying the masses is that the drag coefficient depends on the size and configuration of the object. This is why we can’t do the lab by dropping a ping-pong ball, a golf ball and a bowling ball from the top of the school building. This is where the coffee filters come in. By dropping stacks of coffee filters consisting of one, two, or more filters, we may vary the mass of the falling object while keeping its size and configuration approximately the same.

Experiment

The coffee filters used in this lab are those that look like an inverted crown or a basket. The corrugations of the filter make it easy to nestle them one inside the other. To carry out the lab, a large vertical drop of a few meters must be used. The best results are acquired by using as large a vertical drop as feasible.

The procedure is straightforward. A student drops the filters, while a second student times their fall. The average velocity V of the filters is found by dividing H, the height of the drop, by T, the time of the fall from release to impact. We suggest that heights of at least 3 meters be used for H. Several (5-10) trials should be used for each value of the mass, or number of filters.

In order to find the coefficient n, we then make the assumption that the average velocity given by H/T is equal to the terminal velocity. As the number of filters increases this approximation becomes worse, since it takes a longer time for the larger mass to reach its terminal velocity. It is best if the students perform the experiment with groups of one, two, three, and four filters. Since the filters all have approximately the same mass, this corresponds to multiples of one, two, three, or four units of mass, with the unit of mass being one coffee filter.

The students graph the data on log-log paper, with velocity on the vertical axis and the number of filters on the horizontal axis. The slope of the resulting straight line is equal to 1/n. The students can also graph the number of filters on the vertical axis and the fall time on horizontal axis, which will give a straight line with a slope of (–n). For students who are unsure of their logarithms, this is a useful exercise.

Students should be asked what effect the approximation made regarding the equality of the average and terminal velocity has on their answer for n. They should be able to reason that the average velocity is lower than the terminal velocity, and that the values of n they obtain are therefore higher that the expected value of 2.

For the following experiments, click on the hyperlink to take you to the associated file.  The Turning Point has been turned into MS Word format, the others are in PDF Format.

Elastic Collisions
The Turning Point
Hooke’s Law and Simple Harmonic Motion
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