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History

To increase student understanding, introductory physics teachers often look for ways to combine physical phenomenon with hands on activities. Some topics lend themselves more to hands on discovery than others. Many teachers find modern physics topics difficult to convey because they perceive fewer opportunities for hands on discovery. Additionally, these topics receive short shrift when coupled with the pressures of finishing curriculum near the end of restate this last  the term. As a result, many teachers find modern physics topics the least familiar (this does not logically follow the above; restate)to teach when compared to the mechanics and electricity & magnetism units that comprise the majority of the year. Particle physics studies the elementary building blocks of the universe. Yet most introductory physics courses, the courses most students never continue beyond, fail to incorporate the contemporary science occurring in major physics laboratories like CERN and Fermilab.  This (what?  Restate)   frustrates many particle physicists (is this a problem for teachers) who would like to encourage at least rudimentary knowledge of particle physics among the citizenry.

There are a lot of claims in your introduction with no citations at all.  Start your piece with many fewer; well-cited claims.  You don't need a lot of justification for this paper.
The history of particle physics already exists for a century stay is past tense whenever possible – don't change voice or tense unless you are deliberately doing so for a reason and the work occurring in modern laboratories build upon a long history of particle detection technologies invented in the early twentieth century. Before the current generation of electronic particle detectors, physicists performed experiments using older bubble chamber technology, and still older cloud chambers. Cit cite cite The cloud chamber contributes a rich history to physics and its contributions include confirmation of Compton recoil electrons, discovery of the positron, demonstration of pair production and annihilation of positrons and electrons and confirmation of the transmutation of atomic nuclei [1]. Cite some TPT and AJP literature – you need to demonstrate that you have reviewed AAPT journals literature if you're trying to publish in an AAPT journal.  Invented by Scottish physicist, Charles T.R. Wilson, the expansion cloud chamber proved to be the workhorse of early particle physics research. Wilson’s device comprised a chamber filled with a gas saturated with water vapor. Pulling on the chamber diaphragm resulted in the quick expansion of the volume of the chamber, which cooled the gas through adiabatic expansion. The water vapor then condensed on the ionizing particles as they passed through the chamber allowing the observer to see the ionization trail of the particle [2]. The expansion cloud chamber works only for a short time requiring continued pumping of the diaphragm to reinstate the supersaturated conditions. Alexander Langsdorf improved the intermittent detection intervals provided by the Wilson chamber, by developing the continuously sensitive diffusion cloud chamber in 1938. Langsdorf's chamber used methanol vapor diffusing through carbon dioxide gas to provide a continuous one to three inch deep active detection region at the bottom of a six-inch diameter cylinder [3]. Still by the early 1950's, the diffusion chamber design did not enjoy widespread use. Some contemporaries of Langsdorf thought he did not adequately convey its potential to the physics community at large while others noted that difficulties inherent in using his design discouraged its adoption [4]. Cloud chamber detectors soon evolved into other visible detection methods like bubble chambers and later spark chambers. The rise of powerful computing and solid-state detection arrays in recent decades put electronic detectors above visual ones as the preferred data collection technology for particle physicists. Current design and construction efforts at CERN, for example, incorporate myriad electronic particle detectors coupled with GRID distributed computing.  This may be a place to tighten up and sent interested parties to reference works.
Motivation

Although the original diffusion cloud chamber did not enjoy widespread use among the physics community of the 1940's and 50's, its still has a useful role in education and the classroom has now become its new home. Owing to the availability of commercially built cloud chambers along with curricular emphasis on hands-on learning and discovery, diffusion chambers have enjoyed resurgence in science education. While considered ancient technology by today's research standards, this basic design allows easy accessibility to amateur scientists and students alike. For teachers, cloud chambers provide a direct, hands-on means of introducing particle physics to students. With a little sleuthing, students, who observe ionization trails in the chamber, can call upon their knowledge of introductory physics to identity and explain a variety of physics phenomena.  New technological advances in materials permit the creation of a large diffusion cloud chamber with electronic cooling systems and strong magnetic fields.

There are a number of commercially available chambers that exploit the new electronic cooling mechanisms.  However, nearly all of the commercially available designs manifest limitations restate that limit their usefulness.  First, most chambers provide a limited viewing area. Round chambers with a maximum diameter of six inches have a viewing area approaching only 28.3 square inches. These smaller designs generally integrate opaque sides with a small glass viewing window on top, and rely on radioactive sources to provide a heavy stream of particles for viewing [5]. Few, if any classroom models, incorporate a magnetic field directly into their design. Identifying the tremendous variety of naturally occurring particles by examining their behavior requires a known magnetic field. Lastly, many larger designs prescribe the use of dry ice or liquid nitrogen to achieve the low temperatures necessary for establishing the supersaturated environment needed for cosmic rays to create ionization trails. Purchasing, handling, and using dry ice or liquid nitrogen in the secondary school setting presents several challenges preventing use in the classroom. A large, electrically cooled, diffusion cloud chamber with magnetic field provides significant opportunities for exploring particle physics because of the flexibility it provides in scheduling and the capability to do real science in the classroom.
Definitely tighten up the last two paras into one, and cite those commercial offerings so teachers can find and see them for themselves..  They might even be the opening para of the paper.
Construction

The design centers on a 14" x 8" x ¼" black anodized aluminum plate. Where do get these plates? The much larger viewable area of this design yields nearly quadruples the viewing areas of the commercial units. The larger size increases the probability of seeing an event and gives the observer the opportunity to follow an event that might otherwise travel beyond the walls of a smaller chamber. You restate this many times. Tighten it up please.
Aluminum Plate

As mentioned earlier, never any need for the previous clause the chamber design is based on a large aluminum plate. Although aluminum has a very high specific heat that makes heat removal challenging for the cooling system, it is easy to work, and readily available. it resists corrosion and can be anodized to provide a suitable background for observing and recording the ionization trails produced by cosmic rays. Black anodization provides the best combination of contrast and durability. There should be little need to justify construction material or even to describe failed designs or attempts unless something crucial is being described.  Cut cut cut the "journey to a great CC story" and refer folk to a web construction diary or longer ms. on the web if you want to tell that story.  Insert appropriate figures (like an assembled version of the chamber ASAP.  If you have a good picture, try for a cover picture.   While the darkened background may be provided by a variety of materials, the anodized aluminum surface provides a long lasting surface unaffected by the cold temperatures. Black latex paint, epoxy paint, and plastic were tried as coatings for the aluminum, however, the ethyl alcohol used to make the cloud layer attacked both the latex and epoxy based coatings and allowed only one or two uses of the plate before requiring stripping and repainting. Covering the plate in black plastic insulated the cold aluminum plate from the warmer chamber air impeding the flow of heat from the chamber.

Thermoelectric Coolers and Heat Exchange

This design utilizes modern semiconductor technology in the form of thermoelectric coolers. This technology provides cooling of the large volume chamber using a readily available water ice bath. Based on the Peltier Effect where current passing across the junction between dissimilar metals causes an overall decrease in the temperature of the junction [6], the coolers mounted below the chamber use up to 25 amps of current at 12.7 volts each to achieve the low temperatures necessary for cloud formation within the chamber. Four Thermal Enterprises LLC model CP-12726 cite supplier and costs in a table somewhere please thermoelectric coolers positioned underneath each of the four corners of the aluminum plate pump the heat from the chamber to the water filled heat exchangers. Each electrical unit forms the center of a sandwich where the aluminum plate of the chamber contacts the cold side of the thermoelectric unit and a water cooled copper "chip" cooler contacts the hot side. Four Alphacool model NexXxos XP Bold A64 "chip coolers" fit precisely over the 5 cm x 5 cm surface of the thermoelectric elements. A Hydor SELTZ L35 submersible pump circulates water through a system of 3/8" vinyl tubing.   The pump delivers 0°C water in parallel to each "chip" cooler and returns the warmer exhaust water back to the ice bath for re-chilling. While rated for 1700 liters per hour, the pump delivered an average of 219.4 liters per hour in this configuration. In theory, the thermoelectric units provide a maximum temperature differential of 70°C. In practice, the best achievable differential hovered around 35°C. Therefore, the circulating 0°C water provides the units with a low constant base temperature from which the thermoelectric units can further lower the plate temperature.

Power Delivery

Four Mean-Well model S-320-12 switching power supplies provide 12.7 volt current to each of the four thermoelectric elements. Few power supplies can supply nearly 100 amps of current at 12 volts (!) and those that are available are expensive.  Can something cheap be worked up using a car battery starter or engine starter? Should you be warning of a burn hazard? During initial trials, the supplies were independently connected to the mains. For safety and ease of setup, the four power supply units were stacked in a custom aluminum rack and fitted into an old tower computer case. Sufficient space between the units allows for air circulation.  All four units connect in parallel to a 20-amp ground fault interrupter and then on to a 15-amp power cord.  Power draw peaks at 1147 watts as measured at the outlet. Ten gauge stranded wire connects each supply to its corresponding thermoelectric unit. Using independent power supply/thermoelectric cooler pairs allows easy adjustment of the input voltage as well as provides an easier means to troubleshoot problems with one of the pairs. 

Viewing Chamber

Integral to the design is 1/8" thick clear Lexan fabricated into a 14" x 8" x 7 "tank" that fits snuggly over the aluminum base.  An inverted aquarium is the model. This permits viewing from all sides and the top.  The design completely encloses the aluminum cooling plate within the plastic chamber. This reduces the cooling load on the thermoelectric coolers by restricting room temperature air from reaching the plate. Gluing the smooth edges of the five panels together with Locktite eliminates the black frame and silicone adhesive typical of aquariums and provides better viewing from more angles. The tight fit helps eliminate air leaks that may disrupt the stable environment required for precipitation of the ethyl alcohol to occur.

Magnetic Field

The magnetic field for the chamber comes from a 4 inch x 6 inch x 1 inch ceramic magnet supplier, part number and cost imbedded in the Styrofoam insulation and centered below the aluminum plate between the thermoelectric coolers. The poles exist on the largest flat surfaces with the North pole directed upward through the bottom of the aluminum cooling plate.  The magnetic field strength peaks at about 950 gauss at the center of the plate surface as shown in figure 99.

Insulation

The plate and thermoelectric cooling assembly rests on a 2" bed of foam polystyrene insulation with cut outs for the thermoelectric elements and water blocks. One additional 4" x 6" cutout was made for the magnet directly under the middle of the plate. The top of the magnet must be thermally insulated from the aluminum plate, as the cold aluminum will draw heat from the magnet dramatically lengthening the time to achieve operating temperature. Both the insulation and plate nest into an 18” 12” x 10” wooden box. Electrical connections are made from below using 10-gauge wire and wire nuts. Water connections are also made from below using 1/4" to 1/2" hose clamps.

While the chamber may use radioactive sources, our design has been optimized to observe background cosmic rays. This is especially important since the chamber permits viewing many types of particles and not just that which is emitted by a source. Redundant.  Compress two sentences into one shorter
Building Challenges Limit this to caveats with your final design only (e.g. assembly warnings, shutdown issues)
The initial design incorporated only two thermoelectric units and heat exchangers. While this configuration worked, the time to achieve operating temperature, however, was long. In some instances the time for ionization trails to appear was upwards of an hour. The lowest achievable temperature of -29°C occurred only directly above the cooling units. Temperatures over the center of the plate reached down to only -27°C. Throughout the design process, cosmic ray trails were never seen at temperatures warmer than -25°C, so an additional two thermoelectric units were added to speed the cool down and to provide a larger temperature buffer from the -25°C minimum temperature. 

The new four-unit configuration failed because two large heat exchangers were used with the four thermoelectric units. Additionally, "Great Stuff" insulation was molded to the components below the plate. It became impossible to control heat leaks and this prototype was abandoned. In the final configuration, the four thermoelectric units were each installed with independent heat exchangers. The hard foam insulation was again used with cutouts made for each thermoelectric/heat exchanger unit. In this configuration, the lowest achievable temperature was -35°C and -33°C above the cooling units and magnet respectively.

Additional efforts were made to achieve a temperature closer to the -45°C to -50°C plate temperatures typically provided by dry ice. Multi-layer aluminized superinsulating foils were tried in addition to the hard foam insulation. Used in insulating superconducting magnets, satellites and even the Space Shuttle, multiple layers of foil are separated by spacer material. This insulator particularly blocks infrared spectrum [7]. However, the best achievable temperature using this material was -19°C. Research on the proper use of this insulation is ongoing.

Two instances of freezing destroyed the plastic outer covers of the heat exchangers. If, during operation of the chamber, the thermoelectric coolers and water circulator stop, heat rapidly draws from the water into the cold aluminum plate freezing the water in the heat exchanger. In the first instance, the chamber was shut down without regard to this potential problem. Two of the four plastic covers were removed and replaced and a shut down procedure created. In the second instance, the electrical components tripped a circuit breaker and all of the plastic heat exchanger covers were destroyed. To make the circulation system more robust, new aluminum covers were machined and installed to replace the plastic ones. Antifreeze was considered, but deemed unsafe and environmentally unfriendly in an open circulation system. In a closed antifreeze system, the cost of an adequately sized heat exchanger for the ice bath was deemed cost prohibitive.
Operation

Preparation

Operation requires approximately 50lbs of ice, 100mL ethyl alcohol (100%), 1 meter of Mortite rope caulk, and some (did you want to suggest a brand?) glass cleaner. The chamber needs a dark room with space for an ice bath (how much space?  A sink or drain??). Placing some water in the ice bath primes the submersible pump in the bottom of the ice bath. Keeping the ice chest at the same level as the chamber reduces the head pressure on the pump thereby increasing the water flow through the cooling units. Cleaning water vessels of dust avoids entrapment of the dust in the fine mesh of the copper heat exchangers.

Place the power supply unit next to the chamber. Take care to place the power supplies safely away from areas that might leak water. Also, keeping potential spark away from the ethyl alcohol should be of prime concern. Connecting the power supplies to the mains through a model P-4400 Kill-A-Watt electric meter (supplier and cost ? Harbor Frieght?) helps track overall power consumption.

Next, clean the plastic enclosure using a lint free cloth. Check for fingerprints and streaks. While the cleanliness of the enclosure does not affect the operation of the chamber, it contributes significantly to the ability to view and record events. After cleaning the enclosure, add 100% ethyl alcohol to the felt padding by soaking thoroughly. Use 100% ethyl alcohol to avoid freezing the water present in more dilute alcohol preparations. Next, fit the enclosure over the aluminum plate to form an airtight seal. Seal the lower plastic sidewalls of the chamber to the polystyrene base with Mortite.

Next set up an overhead projector as the light source. Narrow the projector beam to a thin horizontal beam by using manila folders on the flat surface of the projector and direct the beam to most distant side of the chamber. A proper beam slopes gently downward toward the opposite corner where the plastic enclosure meets the aluminum plate.

Maybe put the last two paras with something about fiducial marks together into one compact para? 
Startup

Start the pump. Use the first two minutes to check for leaks and bleed air from the hose system. Briefly plugging the exhaust hose and releasing bleeds air out of the system. While the plate temperature falls as the 0°C water circulates through the system, switch on the thermoelectric coolers. The plate temperature will fall rapidly toward operating temperature. Because there are no thermoelectric chillers in the middle of the plate, the outside edges chill more rapidly than the middle. Turn out the lights and turn on the overhead projector. Make a narrow slit of light from the projector and focus it toward the furthest end of the chamber where the enclosure meets the aluminum plate.

In fifteen to twenty minutes, the supersaturated alcohol vapor forms. Supersaturation occurs when the alcohol evaporating from the warmer top of the chamber condenses near the cooler bottom of the chamber. This is evidenced by tiny alcohol droplets forming about 1 to 2 cm above the surface of the plate and then falling toward the plate as a rain. Observation of cosmic ray events occur only when the temperature gets cooler than -25°C. The initial events occur at plate locations over the thermoelectric coolers. Although areas of the plate reaches -25°C within six to seven minutes, It will take up to 20 minutes for the proper temperature gradient to set up and for cosmic rays to appear in the center of the plate where the magnet is located.

The longevity of the chamber depends on the amount of ice in the chest, the temperature gradient, and the concentration of alcohol in the enclosure. The optimal temperature gradient from the top of the chamber to the bottom plate is 6°C/cm [8]. If the droplets become sparse and events diminish or stop altogether, the temperature gradient may not be large enough and may be improved by gently warming the top of the enclosure with your hand or a 5 to 10 watt reptile heating pad. Alternatively, if this doesn't improve matters, then alcohol can be added through one of the small ports in the top of the enclosure. In either case events should resume within several minutes. Additional ice can always be added to the ice chest.

Shutdown

Carefully sequence shutdown of the system to avoid damage: Shutdown of the system should be carefully considered. Because the circulating water enters the copper water jackets at 0° and leaves only slightly warmer, the thermoelectric units should not be disconnected from power since they provide the heat that keeps the circulation system from freezing. If both the thermoelectric coolers and the pump shut down simultaneously, then catastrophic destruction of the water jackets is assured as the -34°C aluminum plate rapidly draws heat from the 10 ml of water remaining in the water jacket causing it to freeze. To circumvent this problem, shut down the pump and allow the thermoelectric units to continue operating. Because the water no longer carries heat away, the thermoelectric units will saturate with heat and will warm up the aluminum plate. Once the aluminum reaches 0°C, it is safe to shut down the thermoelectric units. Do not allow the units to continue heating, as damage from overheating will occur.  An uninterruptible power supply Can you really get a UPS capable of supporting these power supplies?!? should be deployed to prevent uncontrolled shut down of the system.

Classroom Activities

Can you cite some published cloud chamber curricula here? I can help find something if necessary I think I have some lab  activities using photos I'll send separately...
The increasing incorporation of modern physics concepts in introductory physics courses makes the classroom a great venue for a large electrically cooled cloud chamber. Since a teacher need only acquire ice from the cafeteria and then "plug-in" the apparatus to initiate cooling, an inquiry into the nature of subatomic particles can occur over several days. So rather than being a "show and tell" that the teacher pulls out one day when the dry ice shipment arrives, the class can become part of a much larger investigation.

Observations

To begin, the class should observe the chamber in operation. Before the cosmic ray paths become visible, students will see the small droplets of alcohol rain begin falling toward the cold plate as the temperature gradient sets up. The magnetic field and the large viewing field give the students the opportunity to see sweeping arcs of charged particles that may be identifiable by using the magnetic field. When the trails become visible, students can draw all the different paths that they see. Some paths will be straight, while others might hook left or right. Others may resemble corkscrews. Can you cite some literature or images you have taken yourself here? Still others crash their way through the cloud seemingly bumping into things and changing directions. Students should note the inconsistent radii of the curved paths. Once students have seen the chamber up close, training a webcam or video camera on the active region and projecting the image to a large screen using LCD projector goes a long way toward keeping and focusing the attention of the class by allowing all of the students to see and discuss the same live image. Recording the images allows the class to search for, replay, and study interesting events. Placing fiducial marks as simple as a small clear ruler within the chamber allows observers to measure the radii of tracks and ultimately the momentum of particles.

Some of the most interesting tracks students will observe in this chamber are low momentum tracks. This is due largely to the relatively low magnetic field strength of this chamber. The availability of some very large rare earth magnets with three to four times the magnetic field strength of the ceramic magnet make upgrading the magnet now built into this chamber an attractive option. However, the ability to safely handle these powerful magnets must be deliberately considered before going further. 

Momentum

Low momentum tracks produced by low momentum muons and electrons are easily deflected by the magnetic field. Measuring the particle's radius of curvature in a known magnetic field reveals its momentum. Low momentum tracks of electrons, for example, loose energy as they interact with nuclei in the media through brehmsstrahlung radiation. As the particle interacts with the electric field of the nucleus it may emit photons, electrons, or positrons as the radius of curvature of the original particle becomes smaller. Photons will not produce additional tracks. However, positrons and electrons both produce tracks that will turn in opposite directions within a magnetic field [9]. Particle decay is also interesting. At sea level, where this chamber has been developed and operated, it is rare. Most decays are muons decaying into electrons. Again the magnetic field provides nice way for students to examine these events, because it provides a way to identify tracks. Electrons in general because of their light mass scatter easily in the cloud, whereas muons which are 200 times more massive than electrons [10] do not scatter as much.

Students may recognize Delta rays, or electrons scattered out of their orbits, by looking along the tracks. As a high-energy particle blasts through, small branches form. The branches are orbital electrons knocked out by Rutherford scattering.

Pair production is perhaps the most interesting phenomenon seen and provides direct observation of Einstein's E=mc² relationship. High-energy photons passing through the electric field of a nucleus can create a positron-electron pair [11]. Since both the positron and the electron have identical momenta, but opposite charge, their paths will have the same radius with opposite directions.

Mapping the magnetic field of the chamber makes an estimate of the particle's momentum possible. This is easily accomplished with a "Cheap Gaussmeter" [12] made for under $10.00. Because of the relatively thin (1 to 2 cm thick) active cloud region and the fact that the exact trajectory of a cosmic ray trail can not be exactly determined in three dimensional space using only one camera, the magnetic field map only needs to give detail for the region immediately near the surface of the aluminum plate. While high-energy particles will be observed in the chamber, their radius of curvature will be very large; the momentum cannot be measured in this chamber. Only low energy events will display easily identifiable curvature.  The best events for measuring the momentum should be where the path is parallel to the plane of the aluminum surface.  When an interesting event has been identified in a recording a student can pause the recording and use an overlay software like that that provided with SmartBoards [13]. They can use the program to create a circle that matches the radius of the particle's trajectory and then move the circle over the fiducial also in the chamber picture to get a measurement. Alternatively, still pictures can be inserted into a word processing program and a circle from the shapes menu matched up to the path of the particle. Since the momentum of the particle generally decreases, the path radius diminishes slightly offering an opportunity to discuss the momentum lost by the particle.  Students use introductory physics concepts to analyze the event.  Hand rules will help the students identify the charge of the particles.  As the majority of particles are muons, the students can assume the charge of the particles to be e [14].  The momentum calculation is straightforward:

[image: image1.wmf]
You might also add a short section on easily obtained sources (U ore, fiestaware, NuSalt, Coleman lantern mantles).

Conclusion

Although an ambitious project, building a large electrically cooled diffusion cloud chamber makes introduction and study of subatomic particles fascinating for the students using introductory physics concepts.  The large size makes visualization of tracks easy, the magnetic field helps students see the impact the Lorentz force has on the pathway of charged particles, and the electric cooling system makes utilization independent of dry ice deliveries and corresponding high cost.  This chamber will continue undergo additional refinements before final placement into a physics teaching lending library serving a dozen high school physics teachers. 
A big, impressive and satisfying project, making the invisible world of cosmic rays visible in your classroom.
Fix these please.
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