
Lab 12. Radioactivity

Goals

• To gain a better understanding of naturally-occurring and man-made radiation sources.
• To use a Geiger-Müller tube to detect both beta and gamma radiation.
• To measure the amount of background radiation from natural sources.
• To test whether the radiation intensity from a physically small radiation source decreases

as one over the distance squared. (The light intensity from a single incandescent light bulb
decreases according to this same inverse-squared law as one moves away from it.)

• To compare our ability to shield beta and gamma radiation.
• To understand the meaning of the term “half-life” by simulating the decay process and cal-

culating the half-life in arbitrary time units.

CAUTION: We are working with radiation sources in this lab. The radiation sources are low
energy, and pose no danger to fully formed organisms. However, anyone who is pregnant or
suspects they may be pregnant should not directly handle the sources.

Introduction

The nucleus of an atom consists of protons and neutrons. Since the protons are positively charged
and confined to a very small space, they exert strong repulsive electrical forces on each other.
Another force of nature, called the strong nuclear force, binds all the components of the nucleus
together. Neutrons also help keep the nucleus together by increasing the distance between protons
(Thus decreasing their repulsive electrical forces). As with electrons in atoms, however, the nucleus
naturally tends to its lowest energy state. If it is in an excited state, having too many protons or
neutrons, it will spontaneously rearrange itself, giving off particles and/or energy in the process.
This process is called radioactive decay or, simply, radioactivity. The three most common types of
radiation resulting from this decay process are alpha, beta, and gamma radiation. These names are
just the first three letters of the Greek alphabet—not very imaginative.

Alpha particles are nuclei of helium-4 atoms (thus, 2 protons and 2 neutrons). Because they are
relatively large particles and electrically charged, they interact easily with matter. Most alpha par-
ticles are blocked by human skin, but they can be dangerous if the radioactive material is ingested
into the body. Beta particles are simply free electrons, usually at very high energy. As such they
interact primarily as low power electricity would, penetrating matter minimally, but with effects
beyond the penetration depth. Gamma particles, commonly called gamma rays, are high-energy
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photons, the same particles as visible light but of a much higher energy. They penetrate matter
most easily.

Safety

Radiation sources

The radiation sources used in this lab are “exempt” sources, meaning that anybody can purchase
them and use them without a special license because the potential damage they can do is minimal.
Although the radiation from exempt sources is not particularly hazardous, the basic principles of
minimizing radiation dose should be followed:

• Do not handle the sources if you are pregnant, or suspect you may be pregnant.
• Do not eat, drink, or apply cosmetics while handling the sources.
• Do not hold sources longer than necessary; do not put sources in pockets.
• Hold the disks by their edges. Avoid touching the unlabeled flat sides of the disks (where

shielding is weakest).
• Place sources away from living organisms with the printed label facing up when not in use.
• Wash hands after handling sources (after the laboratory).

In keeping with campus radiation safety policies, we require you to view a short presentation on
radiation safety prior to working with any radioactive sources. This presentation is embedded here,
and also located on the desktop of the computer at each lab station.

Radiation Safety Training
Basic Radiation Physics

Washington State University
Radiation Safety Office

Video 12.1. WSU Radiation Safety Training

Geiger-Müller tube

A Geiger-Müller tube (also called a Geiger tube or a Geiger counter) is used to measure beta and
gamma radioactivity. The tube is filled with a low-pressure gas and contains two electrodes with
a potential difference of typically 500–1000 V between them. An incoming particle ionizes some
of the gas, freeing electrons from the gas atoms, and initiates a gaseous discharge, or “spark.” The
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potential difference across the electrodes drops precipitously during the discharge and is detected
by external circuitry as a “count.”

Caution: The “end window” on the bottom end of the Geiger-Müller tube, where the particles
actually enter the tube, is thin and fragile. Do not touch it or poke anything at it! If the
window is broken, the tube becomes inoperable.

Background radiation

Nuclei are disintegrating around us all the time. This includes nuclei in our own bodies. To make
quantitative measurements of radioactivity from a source, the ever-present, randomly occurring
background radiation must be independently determined and then subtracted from the radiation
measured with the source present. The difference gives the intensity of the radiation from the
source alone. With the radioactive sources removed far from the Geiger-Müller tube, count the
background radiation in the laboratory room for at least 100 seconds and display it in a table using
Capstone. Record the mean value of the counts/second and the standard deviation. Increase the
precision of the data in the table to display more digits through Data Summary. (Ask your TA how
to do this if you don’t remember!)

Also display the data in the form of a histogram (a display option on the bar to the right side of
the screen in Capstone, below Graph and Table). This shows the number of times one gets zero
counts in a one-second time interval, the number of times one gets one count in a one-second time
interval, and so on. Note the random variation about the average value. Comment on the range of
counts/second displayed on the histogram or shown on the table of data.

On the last page of this lab is a radiation dose worksheet published by the US Nuclear Regulatory
Commission. You can use it to estimate your annual radiation exposure in millirems. You can
download a copy for yourself at:

https://www.nrc.gov/reading-rm/basic-ref/students/for-educators/average-dose-worksheet.pdf

More information, including an interactive radiation dose calculator, can be found at:

http://www.nrc.gov/about-nrc/radiation/around-us/doses-daily-lives.html

Beta radiation—Effect of distance and shielding

Place the thallium-204 (thallium with mass number 204, or 204
81Tl) source directly under the Geiger-

Müller tube. This source only emits beta particles with energies of 0.7634 MeV (1eV = 1.602×
10−19J).

Set the initial distance from the top of the active source to the end window of the Geiger tube to 2
cm. Record the mean and standard deviation of the count rate (counts/s) for this geometry. Keep
the histogram of the data stored in the computer. Now increase the distance from the source to the
end of the Geiger tube to 2.5 cm and repeat the data collection. Repeat for larger distances; 3, 4,
6, and 10 cm. As the count rate changes how are the shapes of the histograms altered?

https://www.nrc.gov/reading-rm/basic-ref/students/for-educators/average-dose-worksheet.pdf
http://www.nrc.gov/about-nrc/radiation/around-us/doses-daily-lives.html
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If all the emitted beta particles come from a single point, then we should expect the number of
detected particles to drop as the detector is moved away from the source. The magnitude of the
electric field due to a point charge drops in a similar fashion as you move away, falling as 1/r2,
where r is the distance to the charge. Similarly the intensity (brightness) of a light bulb decreases
as 1/r2 as you move farther away. Use your data to test the hypothesis that the count rate decreases
in proportion to one over the square of the distance from the source to the detector. Explain your
method, justify why it is a valid method, and discuss your findings. Suggestion: expressing the
distances in centimeters gives easier numbers to graph.

Another way to reduce the intensity of radiation from radioactive sources is shielding. Cobalt-60
emits beta and gamma radiation while thallium-204 is strictly a beta emitter. Different types of
radiation are affected by different types of shielding, so that one material may be useful as a shield
for certain types of radiation, while not as useful for other types. In a few specialized applications,
the wrong kind of shielding can be worse than no shielding at all.

Carefully place a lead sheet on top of the thallium-204 source with the end of the Geiger tube
mounted about 4 cm above the lead. Record the mean and standard deviation of the count rate.
Compare this count rate with your measured background count rate. How good is the lead sheet in
shielding the detector from the beta radiation?

Place a thin white plastic square on top of the source and repeat the measurement? How well do
beta particles penetrate through the plastic?

Beta radiation with gamma radiation—Effect of shielding

Place the Co-60 (60
27Co) source about 2 cm from the end of the Geiger-Müller tube. Each radioactive

decay of the cobalt nucleus yields one 0.3179 MeV beta particle, one 1.1732 MeV gamma ray, and
a 1.3325 MeV gamma ray. Count the source for 100 seconds and record the mean and standard
deviation of the count rate.

Now place the thin white plastic square on top of the source and repeat the measurement and record
the results. Remove the plastic sheet and place one lead sheet on top of the source and repeat the
measurement process. Add another lead sheet and repeat. What thickness of lead will block half of
the gamma radiation produced by this source? Justify your method and explain your results.

These exercises are intended to demonstrate that shielding radiation workers from alpha and beta
particles is relatively simple, but that shielding them from gamma rays is much more difficult.

Decay simulation

The universe is both deterministic and probabilistic. The deterministic processes will have direct
relationships between cause and effect. For a given set of circumstances the outcome is certain.
Newton’s 2nd Law gives a direct relationship between the force applied to an object and the accel-
eration it undergoes. There is no ambiguity.

Probabilistic processes will have a probabilistic outcome. A coin toss will have a probability of
head or tails. For this experiment you will be using dice. Dice have a 1/6 probability of having any
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single side come up.

Decay is a probabilistic event, meaning that there is always a chance for an unstable nucleus to
decay at any moment, and it is impossible to predict with accuracy when a specific nucleus will
finally decay. And yet Decay Rates are deterministic: since the radioactive decay of a nucleus
occurs spontaneously and the probability of any one kind of nucleus decaying is the same for all of
them, the decay rate (number of decays per unit time) is directly proportional to the total number
of radioactive nuclei present at any given time. With a large enough quantity of unstable nuclei it is
possible to predict with considerable accuracy how the decay rate will change over time. In other
words, if you have ten million radioactive nuclei, the decay rate is twice as great as when you have
five million nuclei.

To observe this probabilistic nature of a single nucleus decay and compare it against the determin-
istic nature of bulk nuclear decay, we will engage in a simulation of decay using six sided dice.
You have a box with 99 white dice and a single orange die. Each die has a colored dot on one
side. A die which lands dot side up is considered to have decayed, and will be removed from
the container to indicate that it is no longer capable of decaying. You will track the number of
randomizations required for the orange die to decay, and the number of randomizations required to
bring the total dice in the container (not yet decayed) down to 50 dice or fewer. By displaying your
results of numerous tests on a histogram, you will be able to decide if each event is probabilistic
(no discernible pattern) or deterministic (sufficient pattern in evidence upon which a reasonably
accurate prediction can be made for future attempts)

Note if the decay rate, R, the number of nuclei decaying in a time interval of one measurement,
follows the same pattern as the total number of undecayed nuclei. In other words we expect
that the decay rate after n time intervals will be (5/6)n×R0, where R0 is the initial decay rate.
Similarly when the decay rate drops to half of its original value, a time interval of one “half-life”
has elapsed.

Experimental Setup

You will be using a closed box to represent a decaying system. Each time you open and examine
the contents you will be making a “measurement”. Initially, you should have 99 white and one
orange dice. Each die has a dot on one face. If the dot is facing up that die has undergone a decay
and will be removed.

By observing the all of the dice you can observe how the decay behaves in aggregate (at a large
scale). By observing the orange die you can observe how decay behaves in a single atom. Keep
track of both so that you can make comparisons later between group behavior and individual be-
havior.

Begin a run with all 100 dice in the box. Close the box and shake it. Make sure to include up and
down motion to get every die to rotate freely, but try to end with a horizontal swirling motion to
help prevent dice from stacking on top of one another. Open the box and take all the dice with the
dot face up out of the box. The dot being face up represents a piece that has decayed. Count the
dice you took out, this count is your decay rate for that sample. Also make note of the decayed or
active statues of the orange die.
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Figure 12.2. Setup of the dice and box. Starting with 99 white and 1 orange dice.

Write down tables similar to table 12.1 to keep track of your results. Once you reached 50 or less
dice in the box you may stop tracking the white dice. If the orange die is not yet removed, keep
shaking the box and removing the decayed dice until you also remove the orange die.

Add back in all the dice and shake the box before beginning the next run.

Iteration Decayed Remaining Orange Decayed
1 10 90 no
2 18 72 no
3 15 57 yes
4 12 45
5

Table 12.1. Data table for the number of iterations it takes to reach 50 or fewer dice left. Notice
that date is no longer taken when the number of iterations is reached. Orange decayed only needs
to be checked until it decays. The dice left only needs to be recorded until it reaches 50 or below.

To test for a relationship between decay rate and quantity of material (number of dice in the box),
graph quantity against decay rate as a scatter plot. Include data from every run you record in a
single graph, and check if a best fit line is appropriate for your final results. Discuss any relevant
observations about this best fit line.

To speed up the taking of data, 1 person should be counting the dice removed from the previous
randomization while the other person is shaking the box for the next measurement. Arranging the
removed pieces in rows of 5 or 10 also speeds up the counting process.

Histogram

One of the methods available to record and depict random processes is a histogram. Fig 12.3 shows
a version of a histogram that you will be using. Note that this is a randomly generated histogram
and does not represent what you should get.

Summarize the tables you took for all your runs in to the histograms. Make one histogram for
the iterations until you have fewer than 50 dice and one for the iterations until the orange die
decays.
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Figure 12.3. Histogram of the number of iterations to reach 50 percent or below the starting
population.

The value in a histogram is that you can make a statement about the probability of the various
outcomes of an event which is assumed to be random. If your histogram appears like the example
in 12.3 then you can state that the most probable outcome is 2 iterations, at a 45% probability of 2
iterations until half of the dice have decayed. If you are looking at the histogram of a true random
system, then with enough data points eventually the histogram will show equal probability for all
outcomes, and so look like a flat line across the count axis.

From your histograms, can you make any comments on differences in the behaviour (predictabil-
ity) of a single atom against that of a large quantity of atoms when it comes to predicting decay
events?

Analysis and Precision

From the histograms you should be able to analyze the average value of the number of iterations
required. Use eq (12.1) to calculate the average number of iterations it takes to get to 50 percent
or less ‘un-decayed’. µ is the statistical symbol for the mean or average. C is how many of your
trials hit fewer than 50 dice at each iteration across all of your trials. Thus if you never had fewer
than 50 dice in a single iteration, then C1 would equal zero. If five times you hit fewer than 50 dice
on the 6th trial, than C6 would equal 5.

µiter =
(1∗C1)+(2∗C2)+(3∗C3)+ . . .

C1 +C2 +C3 + . . .
(12.1)

If you want a description of why eq (12.1) works; it’s because the C values act as weights. We
want the average iteration. The counts give certain iterations more weight. We then divide by the
sum of the weights to normalize the value and keep the dimensionality in check. The numerator
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Figure 12.4. An example spreadsheet on how to calculate the average number of iterations. Add 1
to the appropriate row in Column B each time you finish a new trial run.

has counts*iterations, while the denominator has counts. The remaining value must be in units of
iterations.

Keep performing runs from 100 dice down to 50 until you reach 3 consecutive runs that do not
change the 1st decimal of your µiter calculation. You can use excel as the formulas in fig 12.4
show. Does your average correspond to the peak in the histogram? Explain why.

Summary

What statements can you make about the precision of µiter for the system and the orange die? How
does this relate to the probability in the ‘decay’ process of your system? Is there a suitable name
you can use for µiter? Now summarize these results and clearly state the conclusions that you can
draw.

Comment on your findings about the behavior of beta and gamma particles with regards to shield-
ing and the source-detector distance.

No Effort Progressing Expectation Scientific

SL.A.a
Is able to
analyze the
experiment and
recommend
improvements
Labs: 1-3, 5, 7, 8, 10-12

No deliberately identified
reflection on the efficacy
of the experiment can be
found in the report

Description of
experimental procedure
leaves it unclear what
could be improved upon.

Some aspects of the
experiment may not have
been considered in terms
of shortcomings or
improvements, but some
are identified and
discussed.

All major shortcomings
of the experiment are
identified and reasonable
suggestions for
improvement are made.
Justification is provided
for certainty of no
shortcomings in the rare
case there are none.
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No Effort Progressing Expectation Scientific

SL.B.b
Is able to
explain patterns
in data with
physics
principles
Labs: 1-3, 5, 7-9, 12

No attempt is made to
explain the patterns in
data

An explanation for a
pattern is vague, OR the
explanation cannot be
verified through testing,
OR the explanation
contradicts the actual
pattern in the data.

An explanation is made
which aligns with the
pattern observed in the
data, but the link to
physics principles is
flawed through reasoning
or failure to understand
the physics principles.

A reasonable explanation
is made for the pattern in
the data. The explanation
is testable, and accounts
for any significant
deviations or poor fit.

CT.B.a
Is able to
describe
physics
concepts
underlying
experiment
Labs: 1-3, 5, 7, 8-12

No explicitly identified
attempt to describe the
physics concepts
involved in the
experiment using
student’s own words.

The description of the
physics concepts
underlying the
experiment is confusing,
or the physics concepts
described are not
pertinent to the
experiment for this week.

The description of the
physics concepts in play
for the week is vague or
incomplete, but can be
understood in the broader
context of the lab.

The physics concepts
underlying the
experiment are clearly
stated.

QR.A
Is able to
perform
algebraic steps
in mathematical
work.
Labs: 3, 6, 8, 10-12

No equations are
presented in algebraic
form with known values
isolated on the right and
unknown values on the
left.

Some equations are
recorded in algebraic
form, but not all
equations needed for the
experiment.

All the required
equations for the
experiment are written in
algebraic form with
unknown values on the
left and known values on
the right. Some algebraic
manipulation is not
recorded, but most is.

All equations required
for the experiment are
presented in standard
form and full steps are
shown to derive final
form with unknown
values on the left and
known values on the
right. Substitutions are
made to place all
unknown values in terms
of measured values and
constants.

QR.B
Is able to
identify a
pattern in the
data graphically
and
mathematically
Labs: 1-3, 5, 7-9, 12

No attempt is made to
search for a pattern,
graphs may be present
but lack fit lines

The pattern described is
irrelevant or inconsistent
with the data. Graphs are
present, but fit lines are
inappropriate for the data
presented.

The pattern has minor
errors or omissions. OR
Terms labelled as
proportional lack clarity -
is the proportionality
linear, quadratic, etc.
Graphs shown have
appropriate fit lines, but
no equations or analysis
of fit quality

The patterns represent
the relevant trend in the
data. When possible, the
trend is described in
words. Graphs have
appropriate fit lines with
equations and discussion
of any data significantly
off fit.

IL.A
Is able to record
data and
observations
from the
experiment
Labs: 1-12

"Some data required for
the lab is not present at
all, or cannot be found
easily due to poor
organization of notes. "

"Data recorded contains
errors such as labeling
quantities incorrectly,
mixing up initial and
final states, units are not
mentioned, etc. "

Most of the data is
recorded, but not all of it.
For example
measurements are
recorded as numbers
without units. Or data is
not assigned an
identifying variable for
ease of reference.

All necessary data has
been recorded throughout
the the lab and recorded
in a comprehensible way.
Initial and final states are
identified correctly. Units
are indicated throughout
the recording of data. All
quantities are identified
with standard variable
identification and
identifying subscripts
where needed.
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No Effort Progressing Expectation Scientific

WC.B
Is able to draw
a graph
Labs: 3, 6, 8, 12

No graph is present. A graph is present, but
the axes are not labeled.
OR there is no scale on
the axes. OR the data
points are connected.

"A graph is present and
the axes are labeled, but
the axes do not
correspond to the
independent (X-axis) and
dependent (Y-axis)
variables or the scale is
not accurate. The data
points are not connected,
but there is no trend-line.
"

The graph has correctly
labeled axes,
independent variable is
along the horizontal axis
and the scale is accurate.
The trend-line is correct,
with formula clearly
indicated.
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Where you live

1. Cosmic radiation at sea level (from outer space)

2. Select the number of millirems for your elevation (in feet)
up to 1000 ft. = 2 1000-2000 ft. = 5
2000-3000 ft. = 9 3000-4000 ft. = 9
4000-5000 ft. = 21 5000-6000 ft. = 29
6000-7000 ft. = 40 7000-8000 ft. = 53
8000-9000 ft. = 70
add this number:

3. Terrestrial (from the ground):
If you live in states that border the Gulf or Atlantic Coast, add 23
If you live in the Colorado Plateau area (around Denver), add 90
If you live in middle America (rest of the U.S.), add 46

4. House construction:
If you live in a stone, brick, or concrete building, add 7

What you eat and drink

5. Internal radiation (in your body):*
From food and water
From air (radon)

Other sources

6. Weapons test fallout (less than 1):**
7. Jet plane travel:

For each 1,000 miles you travel, add 1

8. If you have porcelain crowns or false teeth, add 0.07

9. If you use gas lantern mantles when camping, add 0.003

10. If you wear a luminous wristwatch (LCD), add 0.006

11. If you use luggage inspection at airports (using typical
x-ray machine), add 0.002

12. If you watch TV**, add 1

13. If you use a video display terminal**, add 1

14. If you have a smoke detector, add 0.008

15. If you wear a plutonium-powered cardiac pacemaker, add 100

16. If you have had medical exposures:*
Diagnostic X-rays (e.g., upper and lower gastrointestinal, chest), add 40
If you have had nuclear medical procedures (e.g., thyroid scans), add 14

17. If you live within 50 miles of a nuclear power plant
(pressurized water reactor), add 0.0009

18. If you live within 50 miles of a coal-fired electrical utility plant, add 0.03

My total annual mrems dose:

1

200
40

26

Elevation of some U.S. cities (in feet): Atlanta, 1050;
Chicago, 595; Dallas, 435; Denver, 5280; Las Vegas, 
2000; Minneapolis, 815; Pittsburg, 1200; Salt Lake
City, 4400; Spokane, 1890; Washington, DC, 25.

Some of the radiation sources listed in this chart result in an exposure to only part of the body. For example, false teeth result
in a radiation dose to the mouth. The annual dose numbers given here represent the "effective dose" to the whole body.
*These are yearly average dose.
**The value is actually less than 1.
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Print this page. Tear in half. Each lab partner should submit their half along with the lab report and then retain until the end of semester when returned with evaluations indicated by TA.

Lab 12 Radioactivity:

Name: Lab Partner:

EXIT TICKET:
� Quit any software you have been using.
� Straighten up your lab station. Put all equipment where it was at start of lab.
� Wash your hands (required after handling radiation sources in case of irradiated micro-

contaminants attached to skin).
� Required Level of Effort.

� Complete the pre-lab assignment
� Work well with your partner

� Arrive on time
� Complete the lab or run out of time

SL.A.a CT.B.a IL.A
SL.B.b QR.A WC.B

QR.B
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