
Nuclear Decay Modes
There are about 400 stable nuclei. Hundreds of others are 
unstable. The unstable isotopes break apart into other 
particles. This process is called nuclear decay.

The nuclear decay process can be a natural event or can 
be done artifi cially. Radiation is emitted as particles, photons, 
or both when a nucleus decays. The emission of particles and 
photons is called radiation. The process is called radioactivity. 
The nucleus before a decay event is called the parent nucleus. 
The nucleus remaining after a decay event is called the 
daughter nucleus. The energy released in all nuclear reactions 
is based on the equation E = mc2.

A radioactive material can emit three types of 
radiation.

Three types of radiation can be emitted by a nucleus when 
it radioactively decays. These are alpha, beta, and gamma 
rays. Alpha particles are  4   2 He nuclei. Beta particles are 
either electrons or positrons. Positrons are like electrons but 
positively charged. Gamma rays are high-energy photons. 
These three types of radiation and their effects on the 
parent nucleus are shown in the table.

Nuclear Decay
SECTION 22.2

 KEY TERM

half-life

FIGURE 2.2

TYPES OF RADIATION AND RULES FOR RADIOACTIVE DECAY

Particle Symbols Composition Charge Effect on parent 
nucleus

alpha α (    2  4  He) 2 protons,
2 neutrons

+2 mass loss; new 
element produced

beta  β  − (    −1     0 
  e)

 β  + (    1  0  e)

electron

positron

−1

+1

no change in mass 
number; new 
element produced

gamma γ photon 0 energy loss
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Electrons or positrons are emitted in beta decay.

The nucleus emits either an electron or a positron in beta decay. 
A positron has the same mass as an electron but is positively 
charged. The atomic number increases or decreases by one. There 
is an opposite change in the neutron number. The daughter 
nucleus contains the same number of nucleons as the parent 
nucleus. So the mass number does not change. The ratio of 
neutrons to protons in the nucleus changes.

The superscripts and subscripts on the parent and daughter 
nuclei follow the usual conventions. But those on the electron 
and the positron follow another rule. An electron is written 
as   0   −1 e. The −1 indicates that the electron has a charge whose 
magnitude is equal to that of the proton but is negative. The 1 
indicates that the positron has a charge that is equal to that of 
the proton in magnitude and sign. The subscript is the charge 
of the particle. The 0 is used for the mass number of the 
electron and the positron.

RULES FOR NUCLEAR DECAY

The total of the atomic numbers on the left is the same as the total on the 
right. This is because charge must be conserved.

The total of the mass numbers on the left is the same as the total on the 
right. This is because nucleon number must be conserved.

Helium nuclei are emitted in alpha decay.

Alpha decay emits a helium nucleus from the parent nuclei. 
The parent nucleus loses two protons and two neutrons. This 
makes the nucleus lighter and decreases its positive charge. 
Uranium-238 is an example. It can decay by alpha particle 
emission to thorium-234 and a helium nucleus as shown.

 238   92  U →  234   90  Th +  4   2 He

This nuclear equation shows that a parent nucleus emits 
an alpha particle and changes to the daughter nucleus. The 
daughter nucleus is thorium-234. Nuclear reactions follow 
the rules below.
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Consider this example. A beta decay event with an electron 
that involves carbon-14 is as follows.

 14   6 C →  14   7  N +   0   −1 e (partial equation)

This decay produces an electron. It is written as   0   −1 e. The 
atomic number of the daughter nucleus increases by 1 in 
this decay. Another beta decay event with a positron that 
involves nitrogen-12 is as follows.

 12   7  N →  12   6 C +  0   1 e (partial equation)

This decay produces a positron written as  0   1 e. The atomic 
number of the daughter nucleus decreases by 1.

Beta decay transforms neutrons and protons.

A neutron is changed into a proton in beta decay. This creates 
an electron. Or a proton is changed into a neutron. This 
creates a positron. These two beta decays are written as 
follows.

 1   0 n →  1   1 p +   0   −1 e 
(partial equations)

 1   1 p →  1   0 n +  0   1 e

Neutrinos and antineutrinos are emitted in beta decay.

There is a mass defect with beta decay. A particle called a 
neutrino is represented by the Greek letter nu (ν). A neutrino 
is necessary to conserve energy and momentum. A bar above 
the nu means the particle is an antineutrino. This is the 
antiparticle of a neutrino. The properties of the neutrino are 
summarized in the chart.

We can now describe the beta decay process of carbon-14 
in a form that takes conservation of energy and momentum 
into account.

 14   6 C →  14   7 N +   0   −1 e + ν–

Carbon-14 decays into a nitrogen nucleus. This releases an 
electron and an antineutrino in the process. The decay of 
nitrogen-12 can also be rewritten as follows.

 12   7 N →  12   6 C +  0   1 e + ν

FIGURE 2.5

PROPERTIES OF THE 
NEUTRINO

The neutrino has zero electric 
charge.

The neutrino’s mass was once 
believed to be zero. Recent 
experiments suggest a very small 
nonzero mass. This mass is 
smaller than the mass of the 
electron.

The neutrino interacts very 
weakly with matter and is 
therefore very difficult to detect.
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High-energy photons are emitted in gamma decay.

A nucleus that undergoes radioactive decay may be left in an 
excited energy state. The nucleus can then undergo gamma 
decay. One or more nucleons make transitions from a higher 
energy level to a lower energy level. One or more photons are 
emitted and the nucleons are left unchanged. These photons 
are gamma rays. These rays have very high energy compared 
with the energy of visible light photons. Both the atomic 
number and the mass number stay the same.

The following sequence involves a gamma decay event.

 12   5 B →  12   6 C* +   0   −1 e + ν

 12   6 C* →  12   6 C + γ

The fi rst step is a beta decay in which  12   5 B decays to  12   6 C*. The 
asterisk means the carbon nucleus is left in an excited state 
following the decay. The excited carbon nucleus decays in the 
second step to the ground state by emitting a gamma ray.

Nuclear Decay Series
Suppose a daughter nucleus is stable. The decay process ends. 
Now suppose the daughter nucleus is unstable. Then it 
becomes the parent nucleus for an additional decay step. Such 
a sequence is called a decay series. The graph shows the 
number of protons and neutrons for all stable nuclei. The 
enlarged portion of this graph shows a naturally occurring 

READING CHECK

1. How are the three types of 
radioactive decay  different? How 
are they similar?
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Nuclear Stability and Nuclear Decay The heaviest nuclei in 
the graph of all stable nuclei (a) are represented by the black dots in the 
enlarged view (b). Note that an unstable nucleus will continue to decay 

Number of Protons Versus
Number of Neutrons for Stable Nuclei

(a) (b)

until the daughter nucleus is stable. 
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SAMPLE PROBLEM

Bromine-80 decays by emitting a positron and a neutrino. 
Write the complete decay formula for this process.

SOLUTION

1 ANALYZE Determine the information that is given and unknown.

Given:  The decay can be written as follows.

 80   35 Br → X +  0   1 e + v

Unknown: The daughter element (X)

2 SOLVE Calculate the unknown from the given information.

The mass numbers and atomic numbers on the two sides 
of the expression must be the same. This is so both charge 
and nucleon number are conserved during the course of 
the decay.

Mass number of X = 80 − 0 = 80

Atomic number of X = 35 − 1 = 34

 80   35 Br →  80   34 X +  0   1 e + v

decay series for thorium. This decay series begins with 213Th 
and ends with 208Pb.

Each square in part b on the graph corresponds to a 
possible nucleus. The circled dots represent stable nuclei. The 
other dots represent unstable nuclei. Each circled dot 
therefore corresponds to a data point in the circled portion of 
part a. The decay series continues until a stable nucleus is 
reached. In this case it is 208Pb.

READING CHECK

2. What is the relationship between parent and daughter 
nuclei?
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The periodic table shows that the nucleus with an atomic 
number of 34 is selenium. The decay process is as follows.

 80   35 Br →  80   34 Se +  0   1 e + v

PRACTICE

A.  Complete this radioactive-decay formula.
 212   83  Bi → ? +  4   2  He

Given:

Unknown:

SAMPLE PROBLEM (continued)

Measuring Nuclear Decay
Nuclear decay can be measured and can predict how much is 
left over after a certain amount of time.

The decay constant indicates the rate of
radioactive decay.

The decay constant is a measure of the rate of decay or activity 
of a sample of radioactive material. It is the number of nuclei 
that decay in a small time interval. ∆N is the change in the 
number of daughter nuclei. ∆t is the change in time. The larger 
the decay constant, the higher the amount of activity.

activity =   -∆N _____ ∆t   = λN

The SI unit of activity is the becquerel (Bq). One becquerel 
is equal to 1 decay/s. The curie (Ci) is the approximate activity 
of 1 g of radium. One curie is equal to 3.7 × 1010 Bq.

Half-life measures how long it takes half a sample
to decay.

The half-life of a substance is the time it takes for half of the 
radioactive nuclei in a sample to decay. Half-life is written as 
T1/2. Half of the radioactive nuclei remain after one half-life. 

READING CHECK

3. What is the half-life for a 
substance?
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Consider a sample that begins with N radioactive nuclei.  
  1 _ 2  N radioactive nuclei remain after one half-life. Half of these 
will have decayed after two half-lives. So   1 _ 4  N radioactive nuclei 
remain.   1 _ 8  N will remain after three half-lives and so on.

Substances with large decay constants have short half-lives. 
The half-life of a substance is inversely proportional to its 
decay constant. This is shown in the equation for half-life.

T1/2 =   0.693 _____  λ  

half-life =   0.693 _____________  decay constant  

SAMPLE PROBLEM

The half-life of the radioactive radium (226Ra) nucleus is 
5.0 × 1010 s. A sample contains 3.0 × 1016 nuclei. What is the 
decay constant for this decay? How many radium nuclei will 
decay per second? The answers should be given in curies.

SOLUTION

1 ANALYZE Determine the information that is given and unknown.

Given: T1/2 = 5.0 × 1010 s N = 3.0 × 1016

Unknown: λ = ? activity = ? C1

2 PLAN Choose an equation or situation.

Use the equation for half-life to find the decay constant.

T1/2 =   0.693 _____  λ  

The number of nuclei that decay per second is given by the 
equation for the activity of a sample.

activity = λN

Rearrange the equation to isolate the unknown.

The first equation must be rearranged to isolate the decay 
constant.

λ =   0.693 _____ T1/2
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3 SOLVE Substitute the values into the equations and solve.

λ =   0.693 _____ T1/2

   =   0.693 __________ 
5.0 × 1010 s

  

λ = 1.4 × 10-11 s-1

 activity = λN =   
(1.4 × 10-11 s-1) (3.0 × 10-16)

   _________________________  
3.7 × 1010 s-1/Ci

  

activity = 1.1 × 10-5 Ci

4 CHECK 
YOUR 
WORK

Check the answer to see if it is reasonable.

The half-life is on the order of 1010 s. The decay constant 
approximately equals 0.7 divided by the half-life. It should 
equal a little less than 10−10 s-1. 1.4 × 10-11 s−1 is therefore a 
reasonable answer for the decay constant.

PRACTICE

B.  Suppose you start with 1.00 × 10-3 g of a pure radioactive 
substance. You determine 2.0 h later that only 0.25 × 10-3 
g of the substance is left undecayed. What is the half-life 
of this substance?

C.  Radon-222 ( 222   86  Rn) is a radioactive gas with a half-life of 
3.82 days. A gas sample contains 4.0 × 108 radon atoms at 
first.

a. Estimate how many radon atoms will remain after 12 days.

b.  Estimate how many radon nuclei will have decayed by 
this time.

SAMPLE PROBLEM (continued)
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A decay curve is a plot of the number of radioactive parent 
nuclei remaining in a sample as a function of time. A decay 
curve for a radioactive sample is shown. Half the remaining 
parent nuclei have decayed after each half-life. The  carbon-14 
spheres are the parent nuclei. The nitrogen-14 spheres are 
daughter nuclei. Notice that the total number of nuclei  
remains constant. But the number of carbon atoms decreases 
over time.

Living organisms have a constant ratio of carbon-14 to 
carbon-12. This is because they constantly exchange carbon 
dioxide with their surroundings. This ratio changes when an 
organism dies because of the decay of carbon-14. Measuring 
the ratio between carbon-14 and carbon-12 provides an 
 approximate date for when the organism died.
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Half-Life of Carbon-14 The radioactive 
isotope carbon-14 has a half-life of 5715 years. In 
each successive 5715-year period, half the remaining 
carbon-14 nuclei decay to nitrogen-14.
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REVIEWING MAIN IDEAS
1. Explain the main differences between alpha, beta, and gamma decays.

2. Complete the following radioactive decay formulas.

a.  232   90 Th → ? +  4   2 He

b.  12   5 B → ? +   0   –1 e + (v)

Critical Thinking
3. The 14C content decreases after the death of an organism. 14C has a  

half-life of 5715 years. Suppose an archaeologist finds an ancient fire pit 
containing partly consumed firewood. The 14C content of the wood is only 
12.5 percent that of an equal carbon sample from a present-day tree. What is 
the age of the ancient site?

SECTION 22.2 REVIEW
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