Projectile launcher and freefalling target: A classic physics demonstration
Peter Bohacek, Henry Sibley High School

This classic physics demonstration shows that all objects in free fall accelerate under the influence of gravity at the same rate. Virtually every introductory physics textbook features some version of this experiment. This is an example of a demonstration that captures students’ attention and clarifies a common misconception about objects in free fall.  While most science supply suppliers sell some version of an apparatus to perform this demonstration it is not a difficult apparatus to build. Here is a description of an apparatus to demonstrate this situation.  This document is meant to serve as a description of how we made our apparatus for this demonstration and to inspire others to build their own.
Historically, physics educators call this situation “The Monkey and the Hunter”. Imagine a hunter, they say, who is trying to shoot a monkey hanging from a tree branch. (For the sake of kindness, let’s assume the hunter is using darts to inoculate the monkey against a terrible disease). If the hunter knows that the monkey will let go of the branch and begin falling the instant the gun is fired, how should the gun be aimed to compensate?
In our version of this famous experiment, we use a pneumatic cannon to aim a tennis ball at a suspended drum cymbal. After describing the apparatus to students, we ask them to determine whether the launcher should be aimed below the target to compensate for the distance the target will fall, or aimed above the target to compensate for the influence of gravity on the projectile as it flies?

The answer, of course, is that the motion of the target and the projectile are affected by the influence of gravity in the same way.  The launcher should be aimed directly at the target. The distance the target falls while the projectile flies is the same distance the projectile will drop from a straight line path to the target.

 In this set-up, a pneumatic tennis ball launcher with an optical sensor and a circuit controls the flow of current to the electromagnet so that the target begins to drop the instant the tennis ball is launched.
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System overview

The projectile, a tennis ball, is launched by a pneumatic cannon. The cannon is aimed at a target – a cymbal from a drum kit. The cymbal is suspended from an electromagnet. Current for the electromagnet is produced by a DC power supply. The DC power supply and electromagnet are connected to a circuit that optically senses when the tennis ball is fired and stops the current flowing to the electromagnet.
The electromagnet used here is an old Cenco unit, but there are many alternatives. A quick internet search produces plenty of information on sourcing or building electromagnets suitable for this project.
Similarly, the type of power supply is not critical. Depending on the electromagnet, a 5-12V DC supply is adequate. A 6V lantern battery works well.

The Pneumatic Cannon
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The pneumatic cannon shown here can be built from readily-available parts and without complicated tools. To operate the cannon, a tennis ball is pushed inside the barrel.  The air reservoir is pressurized with an air compressor, or a manual bicycle tire pump. A small DC power source is used to open the solenoid valve, releasing the pressurized air from the reservoir into the barrel, expelling the tennis ball. 

There are many internet resources for building pneumatic cannons. Several components used in this design bear special mention: the barrel, the solenoid valve, and the valve to fill the reservoir with air, and the laser sight. The barrel on this cannon is made of 2 ½” diameter PVC pipe. This diameter works well for a tennis ball, although we poked holes in the tennis ball so that it fits more easily in the barrel. Unfortunately, 
2 ½” diameter pipe is not generally available at large home improvement stores like Lowe’s or Home Depot. But professional heating and air conditioning suppliers use this size for venting gas furnaces and water heaters and usually will sell in small quantities.
The solenoid valve allows air to flow from the reservoir to the barrel. The valve remains closed until connected to a source of DC, roughly 12V. These valves are readily available at garden supply centers and are used for residential irrigation systems. We used a 1” diameter valve. To supply the current to open the valve, we used three 9V batteries in series with a momentary contact switch. Depressing the switch allows current to flow into the solenoid, opening the valve and releasing pressurized air from the reservoir into the barrel to fire the projectile.
The laser sight uses a bore-sight intended to be used to calibrate a 12-gauge shot-gun. Bore sights are available at hunting and outdoor supply stores. The advantage to using a bore-sight instead of a typical laser pointer is that the laser beam on the bore sight projects directly axially from the center of the body of the laser. To hold the bore sight parallel to the barrel of the cannon, we rested the bore sight in a small piece of aluminum I-beam attached to the top of the cannon barrel.
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To fill the reservoir with pressurized air, we used a car tire valve stem from an auto parts store. We found the threaded valve stems are easier to attach to the PVC reservoir end cap without leaks.
Optically controlled switch for electromagnet

Here is a description of how this circuit operates. Pressing the momentary contact switch called arm brings pin 2 of the 555 timer to 0V. Pin 2 of a 555 timer is the called the trigger input; when pin 2 drops below 1/3 Vcc it causes the pin 3 (the output of the 555 timer) to go on, or near Vcc. This causes current to flow through the Darlington transistor, which allows current to flow from the external DC power supply through the electromagnet. In addition, current flows through the “armed” LED indicator, showing that the electromagnet current is flowing.
Pin 6 on the 555 timer is the threshold input. If pin 6 is raised above 2/3 Vcc it causes the 555 timer output (pin 3)  to drop to 0V.The IR detector is connected to pin 6 so that if the IR detector is conducting, then pin 6 will be held low (near 0V), but if the IR detector stops conducting, the pin 6 will be forced above 6V. This causes the 555 timer output (pin3) to drop to 0V, which causes the Darlington transistor to stop conducting, interrupting the flow of current through the electromagnet. In addition, the “armed” LED turns off.

The IR detector and emitter are mounted at the end of the cannon barrel diametrically opposed so that the IR emitter shines directly towards the IR detector.  The IR detector conducts current as long as the light from the emitter is present, keeping the 555 timer’s pin 6 near 0V. If the light from the emitter is blocked by a projectile passing out of the launcher, this causes the detector to stop conducting, which brings the voltage on pin 6 on the 555 timer above 6V. This turns the output of the 55 timer off and stops the flow of current through the electro magnet, causing the target to begin to fall.
Most of the part listed-- switches, resistors, connectors and LEDs are not critical, so generic brands and types will work The key components are listed below, including RadioShack part numbers. The Darlington transistor has a maximum current rating of 5 amperes. Note that an extruded heat sink should be attached to the Darlington transistor and the power supply should be limited to 5 amperes of current or less.
Key Parts



	Description
	RadioShack part number

	555 CN Timer IC
	276-1723

	IR Emitter and detector
	276-0142

	Darlington Transistor TIP120
	276-268


Operation

We’ve found the following order is helpful to ensure reliable firing. First, insert the tennis ball all the way into the barrel. We use a section of 1 ½” pvc pipe as a ramrod to push the ball in. Second, pressurize the reservoir. Next, arm the electromagnet circuit so the magnet suspends the target. Now aim the cannon at the target, and fire.

You can experiment with different amounts of pressure in the tank. We found that 45 psi fires the tennis ball fast enough to make it to the target 30 feet away without hitting the ground, but slow enough that the cymbal has time to drop a noticeable distance before the collision occurs. Note that the design shown here uses a DWC reducer to connect the reservoir to the valve. This part is not pressure rated, so we have never pumped the reservoir pressure beyond 55 psi.
Conclusion

This was a rewarding project for students to build, and the finished project makes a captivating demonstration. Although there are many different components to build, none of them are too difficult for a resourceful and dedicated student to complete. Nearly as much physics is involved in building the project as is learned in using the project. Note that the triggering apparatus can be adapted to other projectile launchers that might be suitable for classroom use.

Resources
Instructions for building a pneumatic cannon:
http://www.instructables.com/id/End-Around-Pneumatic-Cannon/
The Art of Electronics, Horowitz and Hill, Cambridge Press 

Commercial version of the target release mechanism: 
http://store.pasco.com/pascostore/showdetl.cfm?&DID=9&Product_ID=57183&Detail=1
Figure 1.  A pneumatic cannon launches a tennis ball at a cymbal suspended from an electromagnet. The cymbal begins to fall when the tennis ball is launched. The force of gravity causes the cymbal to fall, and causes the ball to move in a parabolic path. If the tennis ball is aimed directly at the cymbal, then they will collide in mid-air. The collision will occur regardless of the launch speed of the tennis ball so long as the tennis ball reaches the cymbal before it lands on the floor.





Figure 2. This diagram of the system shows the major components.  A laser sight is used to aim the pneumatic cannon at the cymbal. The cymbal is suspended from an electromagnet. Current for the electromagnet is provided by a DC power supply. The optically-controlled switch allows current to flow to the electromagnet but cuts off the current when the tennis ball is fired.





Figure 3. This photograph shows the pneumatic cannon. The tennis ball projectile fits snugly in the 2 ½” diameter PVC pipe barrel.  An air compressor or manual air pump is used to pressurize the reservoir. Pressing the red switch on the valve power supply opens the valve, letting pressurized air into the barrel and expelling the tennis ball.





Figure 4. This diagram shows the design of the pneumatic cannon.





Figure 5. Schematic of the optically controlled switch. An infrared emitter and detector are mounted in the barrel of the cannon. The output of a 555 timer drives a Darlington transistor that controls the flow of current from the DC power supply to the electromagnet.  As long as the IR detector is bathed in infrared light, the output of the 555 timer is high, and current flows to the electromagnet. Interrupting the infrared beam, the output of the 555 timer goes low and the Darlington transistor stops conducting, shutting off the flow of current from the power supply to the electromagnet.








