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Statistical Handling of Radioactivity Measurements


STATISTICAL HANDLING OF RADIOACTIVITY MEASUREMENTS PRIVATE 

OBJECTIVES: 

1.  To learn how to obtain accurate and reliable measurements of radioactivity in samples, 
notwithstanding the randomness of radioactive decay. 

2.  To learn how to determine whether a measurement must be accepted or discarded.

THEORY:    
PART 1: TAKING MANY MEASUREMENTS OF RADIOACTIVITY
Let us assume that we take a 1 minute count of a sample of a long lived radionuclide with a G‑M counter (or any other radiation counter) and that the count rate observed is n = 250 cpm (cpm=counts/minute).  If we take another 1‑minute count of the same sample using the same instrument and geometry, almost certainly the count rate will be different from 250 cpm; it is quite possible that the new count rate will be 245 cpm, 260 cpm, or some other similar value. The question immediately arises whether the first, second or neither measurement is correct.  A correct measurement would be one that gives a count rate identical to the "true" count rate of the sample.  Let us assume for a moment that the true count rate of a sample actually exists at the time of the observation just as the true length of an object exists when the object is measured.  The deviation of an observed count rate from the true count rate is known as the ERROR OF DETERMINATION. 

If the sample is counted not twice but 20 times, it is possible that we will record 20 different count rates, although it is also possible that a few of the 20 values will be identical.  Thus the value of the measured characteristic (count rate) is found to fluctuate.  Since our purpose is to determine the true count rate of the sample, it would be useful to find the causes of the fluctuations and to know whether or not it is possible to determine the true count rate from the many measured values. 

It is evident that most of the count rate values we have recorded with 20 measurements must be errors or deviations from the true count rate of the sample.  Errors are classified according to their causes as follows:


1.  DETERMINATE ERRORS are due to a specific cause or fault in the measurement.  When radioactivity is measured, a determinate error may be introduced, for example, by malfunction of the counting instrument (such as an erratic voltage applied to a proportional detector or malfunction of the timer), variable efficiency of the detector, background radiation, self absorption in the sample, or backscattering.  Determinate errors can be eliminated or corrected when their causes are known. 


2.  INDETERMINATE ERRORS are inherent in the characteristic being measured and are beyond the ability of the investigator to control. 

After eliminating all the possible causes of determinate errors, the repeated measurement of a radioactive sample still shows a variability of the count rate.  THE RANDOMNESS OF RADIOACTIVE DECAY IS THE MAJOR CAUSE OF INDETERMINATE ERRORS IN RADIOACTIVITY MEASUREMENTS.   This important principle is illustrated in Fig.1.

Suppose that we can actually observe the decay rate (number of disintegrations per unit time) of a sample of a radionuclide (A) with a long half‑life (several years).  Assume that at the time of observation the activity of the sample is rated as 0.1 (Ci ((Ci = microCuries).  By definition, the sample should then have a decay rate of 3.7 x 103 dps (dps = disintegrations per second which is equivalent to the mks unit of Becquerels or Bqs).   This decay rate should decrease with time in accordance with the laws of radioactive decay.  However, since the radionuclide in question has a very long half‑life, it is reasonable to expect that the decay rate would remain practically constant over a time interval of a few seconds. Actually, if we count the number of atoms decaying during each second, we find that it fluctuates around a value (3.7 x 103 dps in our example) which is represented by the straight line in Fig. 1.  This fact was first discovered in 1910 by Rutherford and Geiger.  In counting the alpha particles (('s) emitted by a radioactive source, they observed that although the average number of particles is nearly constant, the number appearing within a short interval is subject to wide fluctuation.  These variations were especially noticeable with samples of low activity.  It was quite possible to observe no ('s during a considerable interval of time, whereas a large number of them would appear in rapid succession during another interval of the same length.  Those investigators posed the problem of whether the observed fluctuations follow the laws of statistical probability or may be explained by the possibility that the emission of an ( precipitates the disintegration of neighboring atoms.  Later studies showed that the disintegration of one atom does not influence in any way those surrounding it.  Therefore, radioactive decay is a random process, and as such it must follow the statistical laws of probability.

In Fig. 1, fluctuations of the decay rate are graphically represented also for another radionuclide (B).  Notice that:  (1) sample B is more active than sample A, because all the points representing its decay are higher than those representing the decay rates for A, and  (2) the half‑life of B is considerably shorter than the half‑life of A because its average decay rate declines significantly over a period of a few seconds.

Since the count rate as measured by most radiation counters is a constant fraction of the decay rate, it also fluctuates according to the law of statistical probability.  Because the rate varies from one second to the next, it is NOT CORRECT to speak of the true count rate or the true decay rate, as we have momentarily assumed;  the best parameter we can hope to measure is an average of the count rates measured over a certain time interval.  The TRUE AVERAGE COUNT RATE (m) could be obtained by averaging the count rates measured with a very large number of observations. Obviously it is tedious and practically impossible to take thousands of measurements of the activity of one sample.  However, statistical laws may be used to estimate how well a count rate determined with a limited number of observations (the OBSERVED AVERAGE RATE) approximates the true average rate.

The statistical treatment of radioactivity measurements will be discussed and illustrated with an example:  The number of counts (C) is measured during time t for sample X.  This measurement of C is made 50 times.  The 50 count rates are calculated using n = C/t and are recorded in column 2 of Table 1.  The rates are expressed in cpm.  Without organizing these data in some manner, it would be very difficult to make an estimate of the true average count rate or to tell how good the estimate is.  The first procedure to use is designed to find a MEAN COUNT RATE (nA);  that is, an average of all the individual count rates measured with the 50 observations.  The mean count rate is defined as the summation of all the separate count rates (n) divided by the number of observations (N):













(1)

It is intuitive that the larger the number of observations, the closer the mean count rate will be to the true average rate.  For our data, we find that nA = 49 cpm with N = 50 (Table 1).

It is useful to know how the individual count rates are distributed or scattered around the mean. This can be seen most readily with a histogram (Fig. 2).  In our example, this is constructed by dividing the 50 data in class intervals of 2 cpm.  (Usually the width of the class intervals is chosen so that the entire range of data is covered in not less than 10 and not more than 20 to 25 steps). Since the lowest value is 33 cpm and the highest is 65 cpm, our class intervals may be 32‑33, 34‑35...64‑65.  The number of individual observations in each class interval is known as FREQUENCY.  To construct the histogram, we divide the horizontal line in a number of segments equal to the number of class intervals (in our case 17) and then we draw rectangles whose heights represent the frequency in each class (the reader is invited to verify the frequencies from the data.) 

If instead of only 50, many thousands of observations had been made of the activity of sample X, the profile of the histogram would be very similar to a smooth curve instead of a line with discrete steps.  This is the familiar bell‑shaped curve, which for all practical purposes is identical to the “normal” or “Gaussian” curve or distribution (see “Glossary”). Many statistical inferences can be drawn from the inspection of the curve and from the examination of its mathematical properties.

The significance of the mean count rate (nA ) is now apparent from the histogram:  it is the most probable count rate to be observed for sample X. However, another type of information is also useful.  This is a measure of how widely the separate count rates of the 50 observations are scattered around the mean.  This will give us an idea of how confident we may be that any individual count rate is fairly close to the true average rate (m).  Several measures of scatter are used, but for a number of reasons the one used in work with radioactivity is the STANDARD DEVIATION  ((), which is the spread or dispersion of the data around the mean.  If CA-true is the true average number of counts measured in time t, then the “true standard deviation of the count” is given by 

and the “true standard deviation of the count rate” is given by













(2)

Since CA-true (and therefore m) cannot be known unless an infinite number of measurements are made, the standard deviation cannot be calculated with the above formula.  For a normal distribution, however, it can be approximated by first determining the mean count rate (nA ) and then finding the deviation of each observed count rate from the mean, (n ‑ nA ).  The (n ‑ nA ) values for all 50 observations in our example are reported in column 3 of the table.  Then each deviation is squared (column 4), and the sum of all 50 squared deviations is obtained (

).  This is divided by the number of observations (50 in our example) minus 1, and the square root of this number is called the SAMPLE STANDARD DEVIATION OF THE COUNT RATE ((S ).  All the above operations can be condensed in the form of the following equation.











(3)

From examination of this equation it is evident that the more widely scattered the individual observed count rates (n values), the larger will be the value of (S .  This is why it has been stated above that the standard deviation is a measure of the spread or dispersion of the data around the mean.

In our example, (S ~ 7  (Table 1), therefore nA + (S = 49 + 7 = 56 and nA ‑ (S = 49 ‑ 7 = 42 

These two values are marked on the horizontal axis of Fig. 2.  It can be shown that, theoretically, the N values should lie between nA - (S and nA + (S in 68.3% of the measurements. Conversely, the n values should lie below nA + (S and above nA + (S in 31.7% of the measurements.  In our example, 34 of the 50 values (68%) lie between 42 cpm and 56 cpm.  Further study of the mathematical properties of the normal distribution shows that in 95.5% of the measurements the n value should lie between nA - 2(S and nA + 2(S.  In our example, 47 of the 50 values (94%) lie between 35 cpm and 63 cpm (Fig 2).  

The standard deviation may be viewed also as a measure of CONFIDENCE in the accuracy of a measurement.  If the mean is 49 and the sample standard deviation is 7 for example, then we can be confident that a count rate between 42 cpm and 56 cpm will be observed in 68% of the measurements (a 68% confidence level).

How should we report the count rate of sample X after counting it 50 times and obtaining the values recorded above?  If we had counted it 5 times or 500 times, the average count rate and the sample standard deviation of the count rate would remain close to nA = 49 cpm and (M = 7 cpm.  But we should have more confidence in the average count rate after counting 500 times versus 5 times.  The increased confidence in counting more times is conveyed by reporting the STANDARD DEVIATION OF THE MEAN COUNT RATE ((M ) where







.





(4)

Notice that as N increases, (M decreases.  From theory, there is a 68% chance that the true average count rate m is within the range of nA ( (M.  In our case of 50 measurements, (M = 7/

  = 0.99 cpm.  The  count rate is then reported as nA ( (M = (49 ( 0.99) cpm.

PART 2: TAKING ONE MEASUREMENT OF RADIOACTIVITY
In many practical situations, for a number of valid reasons, a radioactive sample can be counted only once, i.e. only one value of C is obtained.  The problem is to find out how we can be confident that the single calculated value of the count rate (n = C/t) is reasonably close to the true average count rate (m).  Obviously, no standard deviation can be calculated with Eq. (3) when only one observation is available.  The best we can do in this situation is to take a sufficient count so that the values of C and n obtained can be regarded as a close approximation of the true average count and true average count rates that would be obtained if a sample were counted many times.

To establish the limit of error and the confidence therein, it is assumed that a normal distribution exists about the n  value obtained. Consequently, referring to Eq. (2), we may also assume that 

is a close approximation of the standard deviation. (We are really assuming that the measured number of counts C is close to CA-true.) The standard deviation obtained is known as the STANDARD DEVIATION OF THE COUNT RATE ((R): 














(5)

The count rate of the sample is then given by











(6)

An example should clarify this procedure.  Suppose that we count a sample for 1 minute and it gives 10,000 counts. The sample count rate would be recorded as n ( (R = (C ( 

)/t = (10,000 ( 

counts) / (1 min) = (10,000 ( 100) cpm.  This would be interpreted as follows: the chances are about 2 out of 3 (actually 68.3%) that the true average count rate of the sample lies between 9,900 and 10,100 cpm.  

Suppose that another, less active sample is observed to give 900 counts in 3 minutes.  The count rate of this sample is recorded as n ( (R = (C ( 

)/t = (900 ( 

counts) / (3 min) = 300 ( 10 cpm.  Note that if this sample has been counted for only 1 minute, even if 300 counts had been observed, its count rate would have been recorded as n ( (R = (C ( 

)/t = (300 ( 

counts) / (1 min) = 300 ( 17 cpm.  Notice that by counting the sample for a longer time, we have obtained a more accurate estimate of its count rate.  Thus we can determine the count rate of a sample with a greater degree of accuracy by counting for a longer period of time.

For how long should a sample be counted in order to achieve a reasonable degree of accuracy?  The answer depends, obviously, on:  (1) the activity of the sample and  (2) the degree of accuracy desired.  Let us introduce the concept of PERCENT (OR RELATIVE) STANDARD deviation OF THE COUNT RATE (%(R).  The %(R indicates what percentage of the count rate the standard deviation is, therefore:








(7)

For example, if C = 2500 counts were measured in a time t = 1 minute, then (R  = 50 cpm and %(R = 2%.  

Notice that the relative standard deviation depends on the number of counts.  It can be easily seen that the larger the value of C, the smaller the relative standard deviation because as the number of counts increases, its square root becomes a smaller percentage of the number of counts.  The accuracy usually sought in radioactivity measurements is equivalent to 1% standard deviation.  To achieve this relative standard deviation, it is necessary to collect 10,000 counts from the sample because when C = 10,000, %(R = 1%. The time required to collect 10,000 counts depends, of course, on the activity of the sample.  If the sample count rate of a sample is at least approximately known, the counting time necessary to achieve an accuracy equivalent to 1% standard deviation is obtained by dividing 10,000 by the count rate (t = C/n).

Examples: 

1.  If the approximate rate of a sample is 250 cpm, the counting time necessary to yield a 1% standard deviation is t = 10,000 / 250 cpm = 40 minutes.

2 . If the approximate count rate of a sample is 49 cpm (as for sample X above), the counting time necessary to yield a 1% standard deviation is about 204 minutes.  Notice that if we actually count sample X for 204 minutes, the count rate will be expressed as n ( (R = (C ( 

)/t = (10,000 ( 

counts) / (204 min) = 49 ( 0.5 cpm.  This is a much more accurate value than 49 ( 7 cpm which would be obtained if the sample was counted only once for 1 minute (assuming that 49 counts were collected).

PART 3: MANY MEASUREMENTS VERSUS ONE MEASUREMENT
The question arises whether it is more accurate to make a single line determination of the activity of a sample or to take the same total number of counts in separate observations and take the arithmetic mean of the individual values.  It can be shown that for samples of high count rate there is really no difference between the two methods.  For low count rates the second method could give slightly more accurate results, because, among other things, it enables one to discard any measurements that appear to be more inaccurate than is to be expected merely on statistical fluctuations.

When multiple measurements of the same sample are made, it is possible to find one or more n values that deviate considerably from the mean.  It is quite possible that these "abnormal" values are not due to the randomness of radioactive decay, but rather to some kind of determinate error.  If the number of observations is large, a single abnormal value averaged with the others will introduce only a small error in the calculation of the mean and, therefore, of the standard deviation.  However, if the number of observations is small (as is usually the case) one abnormal value can introduce a considerable error.

We need some rule or criterion that can be used to decide whether a suspect value must be accepted as due to statistical fluctuation or rejected because it is due to a determinate error.  A criterion often used to make such decisions is CHAUVENET'S CRITERION:  an observation should be discarded if the probability of its occurrence is equal to, or less than, 1/(2N) where N is the number of observations.  Since the direct calculation of this probability is rather tedious and time consuming, in practice we check whether the ratio (n ‑ nA )/(S  exceeds a certain value, which is dependent on N.  If the ratio exceeds this value, the observation is rejected.  The limiting values of the ratio (n ‑ nA )/(S  for different N's are reported in Table 2.

Examples: 

1.  A sample was counted 5 times for 1 minute each time, with the following results: 1045 cpm, 1139 cpm, 1084 cpm, 1051 cpm, 1060 cpm.  Should the value of 1139 cpm be discarded?

       The mean count rate calculated from all 5 values is nA = 1076 cpm.  The sample standard deviation is approximately equal to (S  = 37 cpm.  The ratio of the deviation of the suspect value from the mean to the standard deviation is (n ‑ nA )/(S = (1139 ‑ 1076)/37 = 1.70.  For 5 observations the limiting value of the ratio (n ‑ nA )/(S is 1.65 (see Table 2).  Since our ratio of 1.70 is larger than 1.65, the observation 1139 cpm should be rejected.  The best count rate value of our sample would then be a mean of the remaining four determinations, that is, 1060 cpm.  [It can be shown using the Gaussian probability distribution that the probability of occurrence of the value 1139 in our sample is 0.090, whereas 1/(2 N) = 1/(2*5) = 0.100.  The probability of occurrence of our suspect observation is therefore less than 1/(2 N). ]

2.  For sample X discussed previously, should any of the 50 observations be rejected?

       The largest deviation from the mean occurs in observations #7 (33 cpm) and #40 (65 cpm) (see Table 1).  In both cases the deviation is 16 cpm. The ratio (n ‑ nA )/(S is 16/7 = 2.29 .  For 50 observations the limiting value of the ratio is 2.58 (see Table 2).  Therefore the values obtained in these two observations can be accepted as due to statistical fluctuation. [The probability of occurrence of the value 33 or 65 cpm is 0.022, whereas 1/2N = 1/(2*50) =  0.010 . 

The probability of occurrence of our suspect observations is therefore greater than 1/2 N. ]

For the sake of simplicity, some investigators prefer to reject any observation that deviates from the mean by more than 2(S.  With this “TWO ( CRITERION, observations #7, #34, and #40 for sample X should be rejected. 

The student should be aware that there are other practical problems related to the statistics of counting (such as the contribution of background error and the most efficient use of counting time), which have been kept out of this discussion to keep it at an elementary level.

PART 4:  GLOSSARY
For students' convenience, symbols, definitions and formulas used in the present discussion are summarized on this page.  Conventional units are included in brackets for the quantities.  


N = number of observations or measurements made  [unitless, a #]

    
t = counting time  [min] 

    
C = number of counts observed within time t  [unitless, a #]

    
n = count rate = ( C / t )  [cpm]  


nA  = mean (average) count rate of N observations = 

  [cpm]


CA-true = true average count  [unitless, a #]



(The average of the N values of C equals CA-true when N = (.)


m = true average count rate  [cpm]   (nA =m when N = () 

    
( = true standard deviation of the count rate = 

  [cpm]



(a measure of scatter of the observed count rates around the mean)

    
 (S = sample standard deviation of the count rate = 

  [cpm]

    
(M = standard deviation of the mean count rate = 

   [cpm]



(also known as the “standard error” )


(R = standard deviation of the count rate = 

   [cpm]


%(R = percent (or relative) standard deviation of a count rate = 

   [unitless, a %]

error = the difference between an observed count and the true count = (n ‑ m).  


In practice the error that can be determined is the difference between an observed 

count and the mean of N observations = (n ‑ nA ).  This is also called the “deviation”.

precision = a measure of agreement among observations. 

bias = an imperfection that distorts an observation, usually introduced by a determinate 

 
error

accuracy = the nearness of a measurement to the "true" value;  for a measurement to be 

       accurate, it must be both precise and unbiased 

probability = the chance that a particular event will occur;  it is commonly expressed as a 

          number from 0 to 1, or as a percentage from 0% to 100%.  Symbolized with 

          P or G, depending on whether it follows a Poisson or Gaussian distribution. 

Gaussian probability distribution function = 


This function gives the probability of the occurrence of an observed count rate n when the true average count rate is m.  Since in radioactivity measurements m is not known, it can be substituted with nA . For example, for sample X where nA = 49 cpm, the probability of observing a count rate of 40 cpm is given by

 



---------------------------------------------------------------------------------------------------------------------------------

PROCEDURE:
1. SET‑UP:  The high voltage supply for the tube and the counting electronics are contained in the counter (SpechTech St-350).  The counter and data acquisition is computer-controlled.

1.1. Connect the G-M tube to the counter with the coaxial cable.  Plug the counter's transformer into the outlet and turn the counter ON via the toggle switch on the back of the counter.

1.2. Turn the selector knob on the front of the counter to "REMOTE".

1.3. Turn on the computer.  Double click on the "LABLINK" icon on the desk top.

1.4. Click on "OK" on the first screen.  Select COM1 on the next screen.

1.5.  Place the radioactive sample on a middle shelf.

1.6.  Under File, select "New".

1.7.  Under View, select "Counts".

1.8.  Under Presets, select "High Voltage".  Enter the operating voltage for your tube determined in the last experiment.

1.8.1.  Under Presets, select "Time" and enter 20 seconds.

1.8.2. Click "RESET", then click "COUNT".  Multiply the measured count by 3 to get the count rate in cpm.  We want the rate to be between 500 and 2000 cpm.  If the rate is too low, raise the source.  If it is too high, lower it.  Repeat the 20 second count steps until a position is found that gives the desired range for count rate.  You may have to place sheets of Aluminum foil over the sample to achieve this count rate for more active samples.

2. DATA ACQUISITION:  

2.1.  Program the counter to take a series of forty 1‑minute counts. To do this:

2.1.1.  Under File, select "New".

2.1.2.  Under Presets, select "High Voltage".  Enter the operating voltage for your tube.

2.1.3.  Under Presets, select "Time".  Enter 60 seconds.

2.1.4.  Under Presets, select "Runs".  Enter 40.

2.1.5.  Click "RESET", then click "COUNT".  The computer will now control the data acquisition.  This is a good time to review the Introduction!

2.1.6.  After the data has been obtained, save it.  Under File, select "Save".  Provide a file name with no suffix.  The suffix .tsv will be added automatically by the software.

2.2. Next, without changing any conditions, perform one count to 10,000.  To do this:

2.2.1. Under File, select "New".

2.2.2. Under Presets, select "Runs".  Enter 1.

2.2.3. Under Presets, select "High Voltage".  Enter the operating voltage for your tube.

2.2.4. Under Presets, select "Count".  Enter 10,000.

2.2.5.  Click "RESET", then click "COUNT".  Record the time for the 104 counts.

2.3.  Shut off the tube and counter:

2.3.1. Under Presets, select "High Voltage".  Enter 0 or click "Off" to turn off the voltage.

2.3.2. Under File, select "Exit".

2.3.3. Turn off the counter's toggle switch and unplug it from the outlet.

REPORT:
1) Launch Excel.  Open up the tsv data file that you saved earlier.  It is in the Lablink folder on drove C.  Also open the file RadStats.xls.  It is in the same folder.  This file will help us in our calculations and analysis.  Copy the column of count values from the tsv file and paste them into the gray column labeled "Count Rate, n" in the RadStats file.  Also enter the number of measurements you made (should be 40) into the gray box beside the box labeled "N".  

The spreadsheet will now calculate several quantities for you.  For each count rate, it will calculate the deviation of the count rate from the mean (( = n ‑ nA ) and the square of this deviation (( 2).  It also calculates the sum of all the count rates ((n), the mean count rate (nA), the sum of the deviations (((), the sum of the squares of the deviations ((( 2), and the sample standard deviation [(S].  Finally, it displays 2(S and 2.5(S .  You will use these values later.  

Be sure to record nA, (S, and also (n.

What is the value of the sum of the deviations ((()?  Is this value expected?  Why?

2) Use Excel to construct a histogram of your count rates.  To do this:

(a)  Highlight the count rate values and click on the A-Z sort key on the top tool bar.  This will put the rate values in ascending order.

(b)  Find the difference between the lowest and highest count rates.  Divide this range by 15.  Round this number to an integer.  You are determining the bin step here.  (Recall that the bin step is such that you get 10 to 20 divisions in a histogram.)
(c)  In a blank column on the right side of the spreadsheet, enter your bin values.  Start with the first value, and add the bin step to get the next value.  Enter it below the first value in the same column.  Keep doing this until you reach a bin value that is larger than the highest count rate.

· Example:  Suppose your count rates range from 596 to 903 cpm.  Taking 903 minus 596 and dividing by 15 gives 30.7.  So we choose a bin step of 30.  We start in the new column with 590.  The next value we enter is 620 (590+30), followed by 650, and so on until our last value is 920.

(d)  Under Tools, select "Data Analysis".  In the pop-up box, select "Histogram".  The histogram dialog box should open.

(e)  Put the cursor in the "Input Range" box.  Now highlight the count rate values on the spreadheet with the mouse.  This should enter the input range.

(f)  Put the cursor in the "Bin Range" box.  Now highlight the bin values on the spreadheet with the mouse.  This should enter the bin range.

(g)  Under "Output Options", choose "Output Range".  Put the cursor in the box and then highlight an empty cell on the spreadsheet to the right of the bin values column.  This marks where the histogram will be displayed.  Also, choose "Chart Output".  All other choices should be left unselected.

(h)  Click "OK".  A table with frequency and bin values and a histogram should be generated.  You may have to click and drag on a corner of the histogram to make it larger.

Does the histogram suggest a normal distribution?

3) On a separate sheet of paper answer the following and fill in the table on the next page: 

(a) Count the number of observations showing deviations ( (S .  Are they about 32% of all your observations? 

(b) Count the number of observations showing deviations ( 2(S.  Are they about 5% of all your observations? 

(c) The most accurate report of the count rate of your sample is given by nA ( (M.  What is your sample count rate expressed in this manner?

(d) Assuming the same mean and sample deviation , (S, as above, what would your report of the count rate be if only 2 observations had been made?  If 100 observations had been made?

(e) Using Chauvenet's criterion (see Table 2), determine whether any of your 40 observations 
should be rejected.

(f) How many observations would you discard on the basis of the 2(S criterion?  Which of the two criteria is more "lenient" in your case?  Which is more lenient in general?

(g) Delete any count rates that do NOT meet the 2(S criterion. (Also delete the deviation values so that the spreadsheet calculates properly.)  Be sure to adjust the value of N to its correct value.  What is your new most accurate report of the count rate of your sample?

(h) For the first one of your 1‑minute observations, give the count rate, standard deviation of the count rate, and express the rate at the 68% confidence level.

(i) Using the one 10,000 count observation, repeat the calculations of Step 3-h.

(j) You should have recorded the sum of all 40 count rates in Step 1.  Treat this number as if it were from one 40 minute count and repeat the calculations of Step 3-h.

4) Fill in the following table using all of your results from steps 3-c,d,g,h,i,j


Results Table

situation
nA
(S or (R
(M
rate at 68% confidence

3c           40 one-min. counts





3d-2          2 one-min. counts





3d-100  100 one-min. counts





3g         revised set of counts





3h         first one-min. count





3i           one 10,000 count





3j           one 40 min. count





5) Which of the measurements that you did [you did NOT do the 3d-2 or the 3d-100] gives the most accurate measure of the level of radioactivity of the sample?  Explain the basis of your choice, and then explain the reason why your choice is best (that is, why this basis is a correct indication of accuracy).

6) Do all of the measures of the level of radioactivity of the sample agree with one another (at least within the stated uncertainty range)?  Should they?

7) Are there any sources of determinate errors that you recognized during the experiment?  If so, state those here and then discuss how much each affected your results.

TABLE 1: DATA FOR SAMPLE X 

obs. 

#    
n    
(cpm)
n - nA
(cpm)
(n - nA)2
(cpm)2  

1
43
‑6
36

2
58
9
81

3
37
-12
144

4
41
-8
64

5
51
2
4

6
46
-3
9

7
33
‑16
256

8
56
7
49

9
45
‑4
16

10
48
‑1
1

11
53
4
16

12
47
‑2
4

13
39
‑10
100

14
47
‑2
4

15
55
6
36

16
43
‑6
36

17
63
14
196

18
57
8
64

19
45
‑4
16

20
52
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*NOTE
2484


nA = ((n) / N = 2438 / 50 = 48.76 = 49


(S  = [ (((n - nA)2) / (N - 1) ]1/2

      = [ 2484 / 49 ]1/2

 (S =  7.12 = 7


*NOTE: 



The sum of n - nA should be 


zero.  It is equal to -12 cpm here 


because we used the rounded 


value of 49 for nA.

TABLE 2: CHAUVENET’S CRITERION

N (no. of obs.)
(n - nA) / (S

N (no. of obs.)
(n - nA) / (S

2
1.15

15
2.13

3
1.38

20
2.24

4
1.54

25
2.35

5
1.65

30
2.40

6
1.73

35
2.45

7
1.80

40
2.50

8
1.86

50
2.58

9
1.91

75
2.71
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1.96

100
2.81

12
2.04

200
3.82
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1.4842695037156994

37.400000000000055

1.519981623128822

37.50000000000006

1.5562353589915348

37.60000000000006

1.593028657245422

37.70000000000006

1.6303590808456128

37.80000000000006

1.6682238027191882

37.90000000000006

1.7066195989604336

38.00000000000006

1.745542842276911

38.10000000000006

1.7849894957003132

38.20000000000006

1.8249551065759317

38.30000000000006

1.8654348008445985

38.40000000000006

1.9064232776307417

38.500000000000064

1.9479148041501246

38.600000000000065

1.9899032109506618

38.70000000000007

2.0323818874995125

38.80000000000007

2.0753437781294632

38.90000000000007

2.1187813783573395

39.00000000000007

2.162686731586957

39.10000000000007

2.2070514262088183

39.200000000000074

2.2518665931084305

39.300000000000075

2.2971229035948157

39.40000000000008

2.3428105677603765

39.50000000000008

2.3889193332829115

39.60000000000008

2.435438484680143

39.700000000000074

2.4823568430266767

39.800000000000075

2.5296627661428643

39.90000000000008

2.5773441492644715

40.00000000000008

2.625388426201653

40.10000000000008

2.6737825709950758

40.20000000000008

2.7225131000765344

40.30000000000008

2.7715660749407904

40.400000000000084

2.8209271053347487

40.500000000000085

2.8705813529694755

40.60000000000009

2.9205135357598735

40.70000000000009

2.970707932596184

40.80000000000009

3.021148388650788

40.90000000000009

3.071818321223053

41.00000000000009

3.12270072612426

41.100000000000094

3.1737781846039015

41.20000000000009

3.225032870817867

41.3000000000001

3.2764465598383055

41.40000000000009

3.3280006362040573

41.5000000000001

3.379676103009973

41.600000000000094

3.4314535915323114

41.700000000000095

3.4833133713869806

41.8000000000001

3.5352353612161505

41.9000000000001

3.587199139898324

42.0000000000001

3.6391839582758525

42.1000000000001

3.69116875139317

42.2000000000001

3.743132151238167

42.300000000000104

3.795052499978269

42.400000000000105

3.8469078636819827

42.50000000000011

3.898676046515812

42.60000000000011

3.950334605405648

42.70000000000011

4.001860865150903

42.80000000000011

4.053231933978847

42.900000000000105

4.104424719525827

43.000000000000114

4.155415945231244

43.10000000000011

4.206182167129327

43.20000000000012

4.256699791023191

43.30000000000011

4.30694509002455

43.40000000000011

4.356894222442202

43.500000000000114

4.406523250001206

43.600000000000115

4.455808156374399

43.70000000000012

4.5047248660069465

43.80000000000012

4.5532492632141475

43.90000000000012

4.601357211532008

44.00000000000012

4.649024573299553

44.10000000000012

4.696227229451267

44.200000000000124

4.74294109949752

44.300000000000125

4.789142161670355

44.40000000000013

4.83480647321151

44.50000000000013

4.879910190779132

44.60000000000012

4.924429590949245

44.70000000000013

4.968341090787672

44.800000000000125

5.011621268467686

44.900000000000134

5.0542468839086006

45.00000000000013

5.096194899409928

45.10000000000013

5.137442500255868

45.20000000000013

5.1779671152644

45.30000000000013

5.217746437255362

45.400000000000134

5.256758443411638

45.500000000000135

5.294981415507623

45.600000000000136

5.332393959979065

45.70000000000014

5.3689750278084425

45.80000000000014

5.404703934200117

45.90000000000014

5.43956037801958

46.00000000000014

5.473524460971318

46.10000000000014

5.50657670648999

46.200000000000145

5.538698078319861

46.30000000000014

5.569869998757747

46.40000000000015

5.600074366535037

46.50000000000014

5.629293574314688

46.60000000000015

5.657510525779633

46.700000000000145

5.6847086522893076

46.800000000000146

5.710871929081693

46.90000000000015

5.735984890998636

47.00000000000015

5.760032647712902

47.10000000000015

5.783000898435974

47.20000000000015

5.804875946086265

47.30000000000015

5.825644710898098

47.400000000000155

5.845294743452536

47.500000000000156

5.863814237111897

47.60000000000016

5.881192039840558

47.70000000000016

5.897417665395493

47.80000000000016

5.9124813038708215

47.90000000000016

5.92637383158153

48.000000000000156

5.939086820272421

48.100000000000165

5.95061254563929

48.20000000000016

5.960943995150242

48.30000000000017

5.970074875156108

48.40000000000016

5.977999617279819

48.50000000000017

5.984713384075693

48.600000000000165

5.9902120739505635

48.700000000000166

5.9944923253397535

48.80000000000017

5.997551520131929

48.90000000000017

5.999387786337965

49.00000000000017

6.0

49.10000000000017

5.9993877863379605

49.20000000000017

5.99755152013192

49.300000000000175

5.99449232533974

49.400000000000176

5.990212073950547

49.50000000000017

5.984713384075672

49.60000000000018

5.977999617279794

49.70000000000017

5.9700748751560795

49.80000000000018

5.960943995150209

49.900000000000176

5.9506125456392525

50.000000000000185

5.93908682027238

50.10000000000018

5.9263738315814845

50.20000000000019

5.912481303870771

50.30000000000018

5.89741766539544

50.40000000000018

5.881192039840501

50.500000000000185

5.863814237111836

50.600000000000186

5.845294743452471

50.70000000000019

5.825644710898029

50.80000000000019

5.8048759460861925

50.90000000000019

5.783000898435898

51.00000000000019

5.760032647712821

51.10000000000019

5.735984890998552

51.200000000000195

5.710871929081606

51.300000000000196

5.684708652289216

51.40000000000019

5.657510525779538

51.5000000000002

5.629293574314589

51.60000000000019

5.600074366534936

51.7000000000002

5.5698699987576425

51.800000000000196

5.538698078319753

51.900000000000205

5.506576706489877

52.0000000000002

5.473524460971205

52.1000000000002

5.439560378019463

52.2000000000002

5.404703934199996

52.3000000000002

5.368975027808318

52.400000000000205

5.332393959978939

52.500000000000206

5.294981415507495

52.60000000000021

5.256758443411506

52.70000000000021

5.217746437255228

52.80000000000021

5.177967115264263

52.90000000000021

5.137442500255728

53.00000000000021

5.096194899409786

53.10000000000021

5.054246883908457

53.200000000000216

5.01162126846754

53.30000000000021

4.968341090787524

53.40000000000022

4.924429590949094

53.50000000000021

4.879910190778978

53.60000000000022

4.834806473211352

53.700000000000216

4.789142161670199

53.80000000000022

4.7429410994973615

53.90000000000022

4.6962272294511065

54.00000000000022

4.649024573299392

54.10000000000022

4.601357211531845

54.20000000000022

4.553249263213982

54.300000000000225

4.50472486600678

54.400000000000226

4.455808156374232

54.50000000000023

4.4065232500010385

54.60000000000023

4.3568942224420315

54.70000000000023

4.306945090024379

54.800000000000225

4.256699791023019

54.90000000000023

4.206182167129155

55.00000000000023

4.155415945231071

55.100000000000236

4.104424719525653

55.20000000000023

4.053231933978672

55.30000000000024

4.001860865150723

55.40000000000023

3.950334605405472

55.500000000000234

3.898676046515636

55.600000000000236

3.8469078636818064

55.70000000000024

3.795052499978093

55.80000000000024

3.7431321512379903

55.90000000000024

3.6911687513929934

56.00000000000024

3.639183958275675

56.10000000000024

3.5871991398981464

56.200000000000244

3.535235361215973

56.300000000000246

3.483313371386804

56.40000000000025

3.431453591532135

56.50000000000024

3.3796761030097953

56.60000000000025

3.328000636203881

56.700000000000244

3.2764465598381305

56.80000000000025

3.2250328708176914

56.90000000000025

3.1737781846037265

57.000000000000256

3.122700726124082

57.10000000000025

3.07181832122288

57.20000000000025

3.0211483886506154

57.30000000000025

2.9707079325960124

57.400000000000254

2.920513535759702

57.500000000000256

2.870581352969306

57.60000000000026

2.82092710533458

57.70000000000026

2.771566074940622

57.80000000000026

2.722513100076368

57.90000000000026

2.67378257099491

58.00000000000026

2.625388426201489

58.100000000000264

2.5773441492643085

58.20000000000026

2.529662766142706

58.30000000000027

2.482356843026516

58.40000000000026

2.4354384846799837

58.50000000000027

2.3889193332827503

58.600000000000264

2.3428105677602202

58.70000000000027

2.297122903594657

58.80000000000027

2.251866593108277

58.90000000000027

2.2070514262086665

59.00000000000027

2.162686731586807

59.10000000000027

2.1187813783571903

59.20000000000027

2.075343778129316

59.300000000000274

2.032381887499367

59.400000000000276

1.9899032109505175

59.50000000000028

1.9479148041499825

59.60000000000028

1.906423277630601

59.70000000000028

1.8654348008444592

59.80000000000028

1.824955106575794

59.900000000000276

1.7849894957001804

60.000000000000284

1.7455428422767776

60.10000000000028

1.7066195989603017

60.20000000000029

1.6682238027190552

60.30000000000028

1.6303590808454842

60.40000000000029

1.5930286572452927

60.500000000000284

1.5562353589914104

60.600000000000286

1.5199816231286993

60.70000000000029

1.4842695037155784

60.80000000000029

1.4491006790884606

60.90000000000029

1.4144764593350818

61.00000000000029

1.3803977939627559

61.10000000000029

1.3468652797476641

61.200000000000294

1.3138791687513556

61.300000000000296

1.281439376490742

61.4000000000003

1.2495454902479761

61.5000000000003

1.218196777506735

61.60000000000029

1.1873921945015984

61.7000000000003

1.1571303948673528

61.800000000000296

1.1274097383753023

61.900000000000304

1.098228299743747

62.0000000000003

1.069583877510203

62.10000000000031

1.041474002952929

62.2000000000003

1.0138959490498356

62.3000000000003

0.9868467394628482

62.400000000000304

0.9603231575363165

62.500000000000306

0.9343217552981475

62.60000000000031

0.9088388624527567

62.70000000000031

0.8838705953551879

62.80000000000031

0.8594128659560728

62.90000000000031

0.8354613907074269

63.00000000000031

0.8120116994196036

63.100000000000314

0.7890591440600685

63.200000000000315

0.7665989074849914

63.30000000000031

0.7446260120950071

63.40000000000032

0.7231353284068274

63.50000000000033

0.7021215835327925

63.600000000000335

0.6815793695607182

63.700000000000344

0.6615031518268432

63.80000000000035

0.641887277074992

63.90000000000036

0.6227259814954385

64.00000000000037

0.6040133986373185

64.10000000000038

0.5857435671887975

64.20000000000039

0.5679104386195639

64.3000000000004

0.5505078846805628

64.4000000000004

0.5335297047562505

64.50000000000041

0.5169696330649952

64.60000000000042

0.5008213457035999

64.70000000000043

0.48507846753225686

64.80000000000044

0.46973457889659886

64.90000000000046

0.4547832221838243

65.00000000000047

0.44021790821023

65.10000000000048

0.426032122437755

65.20000000000049

0.4122193310175308

65.3000000000005

0.3987729866586664

65.4000000000005

0.3856865343208461

65.50000000000051

0.3729534167295912

65.60000000000052

0.36056707971332846

65.70000000000053

0.3485209773616921

65.80000000000054

0.33680857700474043

65.90000000000055

0.32542336401305105

66.00000000000055

0.3143588464188929

66.10000000000056

0.30360855935892994
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