PAGE  
10

CLOUD CHAMBERS                             IN THE CLASSROOM

Why should we talk about p – branes and superstrings when most people (including many teachers) do not “feel” that the particles we are talking about are “real” physical objects with measurable properties, no less real than a ball rolling down an inclined plane? 

(Thank you, Gron!)

You can make your own cloud chamber and “see” particles (or rather detect them, or see their tracks)

But seeing particles is not enough! 

CLOUD CHAMBERS IN THE CLASSROOM

Cloud chambers can be used to show students of all ages (from ten up, let’ s say) that 

There are more things in heaven and earth…

Besides, for older students there is a lot of Physics that can be introduced using cloud chambers:

· Cloud formation

· Thermodynamics (phase charges)

· Motion of charged particles in magnetic fields

· Ionising particles, radioactivity

· Unstable particles and lifetimes

· Special relativity (“time dilation”)

Finally, cloud chambers are a good way of making people ready for the bubble chambers…

OUTLINE:

0. How to build your own cloud chamber

1. What are those trails we see?

2. Where do these particles come from?

3. How can you identify particles?

a. Is there anything we could try to measure?

4. Bubble chambers

5. More physics…

6. Muons outside H. E. P.
0. How to build your own cloud chamber
The best thing you can do is to follow closely the instructions provided, for instance, by Andrew Foland in his web page

http://w4.lns.cornell.edu/~adf4/cloud.htm
The most critical points are these:

· Use only pure isopropanol, which has an ionisation energy lower than, say, that of plain alcohol.
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If you want to keep the chamber working, you will need to add more alcohol from time to time (otherwise, if you wait for too long, all the alcohol will have condensed into liquid).

· Keep your chamber airtight. There are several ways to do this besides that described by Andrew Foland.

· Shine a very strong light into the bottom of the chamber or you won’ t be able to see much.

1. What are those trails we see?
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The dry ice, which is at about –80 °C, in contact with the metal plate cools the vapour until a thin layer (about 1 cm thick) of supercooled isopropanol vapour forms over the bottom of the chamber. You’ll have to wait for about 15 minutes for this to happen.
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This vapour is in an unstable state below its boiling temperature, ready to condense around ions formed when a charged particle crosses the layer, so those trails we see are made of alcohol droplets formed along the paths of ionising particles passing through the chamber.

2.1 Where do these particles come from?

Looking at the length of the tracks, you will find that the ionising particles come from all directions though, of course, the flux depends on the angles (they are higher for particles entering the chamber vertically from above.

Secondary cosmic rays (see below) coming from the atmosphere are the main source of the detected particles, but in principle you could see the tracks of particles from the natural background radiation (for instance, rocks have tiny amounts of radioactive elements) or even particles coming from inside the Earth… (as the AMANDA telescope does)

Antarctic Muon And Neutrino Detector Array: http://amanda.uci.edu 

2.2 Where do these particles come from?  

Secondary Cosmic Rays (1)

Cosmic rays are mostly protons coming from outer space, but there are others species too, such as heavier nuclei, electrons, photons, etc.

When these particles reach the atmosphere, at heights of about 20 km, they can collide with nuclei producing many secondary particles, many of which are high – energy pions that interact and decay as they travel downwards giving rise to showers.

Charged pions (we are only interested in charged particles which we can detect) decay, mostly, into muons and neutrinos with a lifetime of about 10–8 s. Most muons are produced at heights of about 15 to 20 km:
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If you want to know more about cosmic rays, you can begin with these web pages from the SLAC Virtual Visitor Center:

http://www2.slac.stanford.edu/vvc/cosmicrays/
2.3 Where do these particles come from?  

Secondary Cosmic Rays (2)

Muons are the most abundant charged particles in the secondary cosmic rays at sea level or close to it. (See Fig. 1)

For muons travelling vertically (small angles; black dots in Figure 2) the mean energy at the ground is of about 4 GeV. This energy grows with the angle (75° for the white points in the graph)


3.1 How can you identify particles?  

To be able to identify a particle, one must know its charge, mass, spin… 

You can calculate the mass of a particle measuring its momentum and either its energy or speed:
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There is a way in which, in principle, we could try to measure the momentum and (the sign of the) charge of a particle that leaves a track in the cloud chamber if there is a known magnetic field. Unfortunately, it seems that you cannot do measurements with a home – made cloud chamber (at least for the muons we have been talking about)

3.2 How can you identify particles?  

THE MOTION OF PARTICLES IN A MAGNETIC FIELD

If there is a magnetic field in the chamber, the trajectories of charged particles will be curved because of the Lorentz force
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 is the component of the velocity 
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This means that the particle will describe a spiral with an axis parallel to the magnetic field and radius of curvature
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The sense in which the track curves is related to the sign of the charge and if we know or guess the magnitude of the charge, measurement of r makes it possible to calculate 
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, the component of the momentum perpendicular to the magnetic field.

3.3 How can you identify particles? 

IS THERE ANYTHING WE COULD TRY TO MEASURE?

Before trying to do any measurements you have to know what to expect, otherwise you won’t be able to design your experiment properly.

Let’s make some estimations:

To begin with, most particles have charges q = ( e. Besides, we are told that the majority of the particles in secondary cosmic rays are muons, so we’ll assume that q = e. To be conservative, we will take a magnetic field B ~ 10–2 T (about 100.Bearth) and p ~ 
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~ 1 GeV/c.

(p ~ 
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 is only true for particles traveling almost horizontally, which are our best choice if we want to measure the radius of curvature because their tracks are longest. Unfortunately, at these large angles, the mean momentum is also bigger…).

With these numbers, we should expect a radius of curvature on the order of r ~ 10 km!!! (perhaps even bigger)
3.4 How can you identify particles? 

IS THERE ANYTHING WE COULD TRY TO MEASURE? (II)

The figure shows how to calculate the radius of curvature of a track using the measurable quantities L and D (you will need a photograph of the track or a frame from a video).

You can play with the numbers and you’ll find that for a momentum p ~ 1 GeV/c and a track length of about 10 cm (quite a long track!), you need a magnetic field on the order of 1 T if you feel capable of measuring a D of about 1 mm, so I don’t think that we can measure the momentum, at least for these muons…

3.5 How can you identify particles? 

IS THERE ANYTHING WE COULD TRY TO MEASURE? (III)

Of course, this is not the end of the story. We have been focusing on muons from the secondary cosmic rays, but there are other particles, electrons, for instance, and we could be lucky and catch a less energetic particle whose curvature is measurable. Or we could put a radioactive source inside the chamber (if we are able to find a safe one; safety regulations are quite strict these days…). Another possibility would be to put one or several metal sheets in front of one of the sides of the chamber, so that particles passing through it lose part of their energy…

All these possibilities are worth trying, but before doing that we need some further preliminary research…

But even if we cannot do any measurements, we (and our students) are now ready for the…

4. Bubble Chambers

If we now switch to bubble chambers (LINK TO BUBBLE CHAMBERS!), we are reflecting the historical development of particle detectors and, even more important, we can start using the almost unbelievable wealth of bubble chamber data and pictures from a very solid foundation, because we have established the “reality” of particles with a similar instrument… 

5. More Physics

And now we turn back to the cloud chambers to introduce some more Physics related to them (or, more precisely, to the cosmic ray muons we have been talking about).

5.1 MUON DECAY

(From a theoretical point of view; if you want to know more on experimental issues, try these links:

The SLAC Online Cosmic Ray Detector Data Center
Preston College cosmic ray group
Find the Lifetime of the Muon  (From Quarknet)

If your school has radioactivity as part of its curriculum, you can go further than observing the tracks in the cloud chamber (if you are able to do it at all!) and discuss muon decay, which follows the same exponential law as radioactive decay, and then even special relativity…

5.2 THE EXPONENTIAL LAW FOR MUON DECAY 

Muons with p ( 1 GeV/c have speeds very close to c (compare 1 GeV/c with the mass mμ ≈ 0,106 GeV/c2), so you can write for the distance travelled by muons (from its birth at time t = 0) d = c.t, so the decay law is:
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   , with

N(t) = muon population at time t,

N(d) = muon population after travelled distance = d

N0 = initial muon population

( = lifetime (mean life, to be precise, ( = (2.19703 ( 0.00004) x 10-6 s

L = c( = decay length (distance covered by a particle in a lifetime).

The first thing you can do is to ask your students to calculate the fraction of surviving muons at sea level or at any other height assuming that they travel vertically downwards (which is not always the case, of course) and undisturbed

5.3 MUON DECAY AND SPECIAL RELATIVITY

The answer should come as a surprise, because, with a decay length of L = 658.654 m, one should expect very few of the muons created at heights of some 15 – 20 km to survive, but that is not the case (as you can see in Fig. 1, page 9). Why?

The mean life for the muon as found in tables is valid only for its rest frame, which is not the one we use for making measurements!

With a Lorentz factor 
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, where v is the speed of the muons relative to us, we get for 4 GeV muons ( ( 38 (E = (mc2) the mean life is (( = ((, so that the new decay length is L( ( 25 km, which explains why a significant fractions of the muons survive.

6. Muons outside High Energy Physics

To end this introduction to cloud chambers in the classroom, in which muons have played an important part (we have “seen” them!) it might be interesting to note that muons, discovered in cosmic rays around 1937 by Neddermeyer and Anderson, are used outside High Energy Physics as tools in physics, chemistry, materials science, geology, engineering and biology. These are some interesting links:

ISIS (the world's brightest pulsed neutron and muon source)

Laboratory for Muon Spin Spectroscopy  (at the Paul Scherrer Institut)

The RIKEN – RAL Muon Facility 

Radiographic imaging with cosmic – ray muons. (Los Alamos National Laboratory) See also Nature, vol. 422, p. 277. 20 March 2003.
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Fig. 2   Muon energy spectrum at seal level


SOURCE: Review of Particle Physics (2002) 


http://pdg.lbl.gov/2002/cosmicrayrpp.pdf
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Fig. 1 Flux vs altitude for several different species of particles


SOURCE: Review of Particle Physics (2002) 


http://pdg.lbl.gov/2002/cosmicrayrpp.pdf





Measuring the radius of curvature of a track
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      Dry ice at ~ - 80 °C
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