VIII Conferencia Inter-Americana 

sobre Educación en Física 

La Habana, Julio 7-11 2003


Using muon physics to

 teach relativity, radiation, and instrumentation
Daniel W.  Koon, Jeremy Ouellette  

St.  Lawrence University, Canton, NY 13617, USA

dkoon@stlawu.edu

Summary.  Muon physics provides a convenient tool for teaching various aspects of radiation physics and instrumentation in an undergraduate lab.  We will describe how we recreated a classic muon decay experiment to test special relativity, using equipment available in an undergraduate laboratory to compare cosmic muon flux at both Mt.  Washington (elevation 1917m) and a location near sea level.  We will describe how this apparatus can be used in a second-year undergraduate teaching laboratory to teach radiation physics and instrumentation.  Finally, we will address the suitability of this test of special relativity to undergraduate teaching laboratories throughout the Americas, especially along the Cordillera de los Andes and in Central America, where the change in altitude needed can sometimes be obtained with a drive of a few hours or less.

Introduction

Teaching nuclear physics can be particularly challenging in a small undergraduate physics department.  A cosmic muon detection lab provides a good fit for such a department.  First, the objects of the study, the muons, are cheap and plentiful.  They also require no special handling or additional safety procedures.  Finally, given the distinctive double-decay signature of the muons, they are easily identified and separated from noise, even in environments where there are other sources of background radiation.  

Muon detection relies on observing both their arrival and their decay inside the detector.  Given that the muon has a mean lifetime of 2.20s, the detector must be sufficiently fast, but this speed reduces the number of false counts that are a result of coincident arrivals.  While most muons entering the detector pass through without decaying, those that are traveling slow enough to decay inside the detector will produce a signal in the detector both when they arrive and when they decay, within a few microseconds[1].
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Muon detection does not require specialized equipment.  In fact, the main components of this experiment are versatile equipment that can be used across the physics curriculum, readily available in most physics departments.  A cylindrical plastic scintillator (Fig.  1), a cheap radiation transducer, converts incoming radiation into violet or UV radiation.  A photomultiplier converts this optical signal into an electrical one.  The photomultiplier is much less rugged than the scintillator, and needs to be guarded against ambient light levels as well as against mechanical damage.  Finally, a storage scope with extended persistence display allows one to capture and record muon events over extended periods of time.

In this paper we will describe a recreation of a classic test of relativistic time dilation that can also serve as a relatively simple and inexpensive lab measurement of detector dead time and particle lifetime: an experiment suitable for the undergraduate teaching laboratory.
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Procedure:


The scintillator used in our study was a 15cm diameter x 13 cm high Bicron plastic scintillator.  We used a 5cm diameter end-on window photomultiplier tube, the RCA 6342A, to detect the scintillator’s output.  To process the signal, we used a homemade OP27GP-based differentiator and a 40x inverting amplifier, both based on simple op amp circuits.  The OP27GP chip gave us quick response, allowing us 1s discrimination between pulses, critical for detecting the muon’s characteristic two-pulse signal.  
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The apparatus was shielded from ambient light and lead bricks placed above the apparatus served to select the energy range of muons to be studied.  Only those muons are detected which lose nearly all of their energy in the bricks above, so by increasing the thickness of the brick layer, one can select the range of energy of the incident muons that are detected by the experiment.[1]
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The incident flux of cosmic muons was measured both at St.  Lawrence University, in Canton, NY, USA (elevation 140m) for three three-hour runs, as well as at Mt.  Washington (elevation 1907m) for an additional three three-hour runs.  25cm of lead bricks were added at Mt.  Washington to compensate for the additional 1770m vertical column of air that the muons encountered in reaching our Canton laboratory.

Results

Figure 3 shows a cumulative collection of muon events captured by the storage scope.  The upper trace shows the raw pulses produced by muon decays that followed an initial pulse signaling that a muon had entered the scintillation chamber.  The lower trace shows pulses produced by a timing scaler.  The initial pulse, for the bottom trace, is clearly seen at the lefthand edge of the screen.  A gap of at least 1.4s separates each secondary pulse from the initial, triggering pulse.  This provides a very visual proof for students in an undergraduate lab exercise of the existence of “dead time” in the detector circuitry, and the dead time can be easily measured straight from the graph.



Another standard measurement in nuclear and particle physics is that of mean lifetime.  Figure 4a shows the sort of raw data one can gather from this equipment.  The vertical axis represents the total number of muons collected that decay at a time greater than that of the horizontal scale.  For example, about 100 of the muons observed in Mt. Washington (top graph) decay after 2s or longer.  We show two curves, each a characteristic three hour data set from either Mt.  Washington or Canton.  As seen from the equations of fit on the two graphs, both agree to within 2% of each other, with  = 2.23 ± 0.07 s, well in agreement with the standard accepted value of 2.20s.

	Mt. Washington, 

NH, USA
	1900m elevation

	Trial   
A


B


C
	150 count / 3 hr

124

133

	Average:


	136 ± 21

 (95% confidence level)

	Canton, NY, USA
	1770m lower = 6.2s @ 09.5c

	Trial   
A


B


C
	61 count / 3 hr

61

52

	Average: 
	58 ± 10 

(95% confidence level)


 A closer look at the Mt.  Washington data (Fig.  4b) gives a measurement of 1.3 ± 0.2 s for the deadtime of the instrumentation.  Geiger-Müller tubes typically have deadtimes of the order of 100 s, much too slow for muon detection.  

Results

We collected three sets of three-hour data at both  1900m and 140m elevation, as shown in Table 1.   The lower elevation represents an extra  6.2ms trip for the 0.96c muons we collected.  The cosmic muon flux rates at both locations were 136±21 and 58±10 counts / 3 hour at 1900m 

Table 1.  Summary of cosmic muon fluxes at Canton and Mt.  Washington.

and 140m, respectively.  For the mean lifetime of 2.2ms, this represents an additional trip of 1.8ms, rather than the 6.2ms calculated purely from the altitude difference.  This yields a relativistic time dilation of 3.3, with a 95% confidence level of  between 2.4 and 5.3, compared to the classical prediction of =1.  Thus we have measured the time dilation factor to definitively exclude the classical result.  
Discussion

While this experiment demonstrates 
a large discrepancy between classical and relativistic predictions, a more compelling case can be made by students living along the Rocky Mountains, the Andes, and the mountains of Central America, where one can reach larger extremes in altitude with just a few hours’ drive.  This large change in altitude allows for a much more emphatic proof of relativistic time dilation.  
	Location
	Altitude (m)
	Relativistic / classical

Prediction

	Volcán Irazú
	3400
	1

	Meseta Central
	1100
	1.4

	Sea level
	0
	20


 As an example, consider Costa Rica.  Predictions of the remaining flux of cosmic muons at sea 

Table 2: Discrepancy between classical and relativistic predictions for surviving muon flux at three locations in Costa Rica.Table
 level based on measured flux at the top of a 3400m summit will differ by a factor of 20. (The relativistic prediction is larger by a factor of 20 than the classical prediction.)  This provides for a conclusive test of the predictions of special relativity.  Both Irazú and sea level are within three hour’s drive from San José In the Meseta Central.  
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Fig.  1: Photomultiplier tube (left) and plastic scintillator.





Fig.  2: Scintillator/detector assembly inside the protective light-covering.  At the top is the plastic scintillator, covered in aluminum foil, and at the bottom, PVC pipe covers the photomultiplier tube.  The apparatus sits inside a metal frame, covered on all but one side.  Black light-tight fabric will cover the front side.





Figure 3: Output of storage scope Tektronix TDS 210.  Trace 1 (top) shows raw scintillator signal, triggered at the left hand side of the screen.  Trace 2 (bottom) shows output of an ORTEC 420 Timing SCA.  Horizontal scale is 1s/division.  Bottom trace clearly shows dead time of 1.3s.  There is an electronic delay of 1.4s between top and bottom traces.





Figure 4a: The number of muons remaining in the scintillator as a function of time, for trials on top of Mt.  Washington (top) and in Canton, NY (bottom).  Both graphs are labeled with best-fit exponential curve parameters.  Mean lifetime is determined from this fit.








Figure 4b: Mt.  Washington data of Fig.  4a, on expanded scale.  Dead time is measured from connecting a straight-line fit of the first three data points to the exponential curve of the rest of the data.











