Calculus Half Life Problems

Basic Example #1

* Problem: Suppose 10g of plutonium Pu-239 was released
‘in the Chernobyl nuclear accident. How long will it take
the 10g to decay to 1g? (Half life Pu-239 is 24,360 years.)
“ Answer:

| }'=Cﬂf | L | 1.=.U.gﬁ,§ﬁ_!1_..._l_.,__..._ i |

Calculus half-life problems are critical in various fields, including physics, chemistry, biology, and
environmental science. Understanding how substances decay over time is vital for scientists and
researchers, whether they are studying radioactive materials or the rate at which drugs are metabolized in
the body. This article will explore what half-life is, how to use calculus to solve half-life problems, and

provide examples to illustrate these concepts.

Understanding Half-Life

Half-life is defined as the time required for a quantity to reduce to half its initial value. This concept is
widely used in nuclear physics, pharmacology, and other scientific fields to understand how substances
change over time. The half-life of a substance can be a constant, meaning that the time required for half of

the substance to decay remains the same regardless of how much of it is present.

Mathematical Representation of Half-Life

To model half-life mathematically, we often use exponential decay functions. The general formula for

exponential decay is:

\[ N(t) = N_0 \cdot e"{-kt} \]



‘Where:
- \( N(t) \) is the quantity remaining at time \( t \).
- \( N_0) is the initial quantity.
-\('k ) is the decay constant.
- \('e\) is the base of the natural logarithm (approximately equal to 2.71828).
-\(t\) is the time elapsed.

The decay constant \( k \) is related to the half-life \( t_{1/2} \) by the formula:
\[ k = \frac{\In(2)}t_{1/2)} \]

Where \( \In(2) \) is the natural logarithm of 2, approximately equal to 0.693.

Applications of Half-Life

Half-life calculations are applicable in various scenarios, including:

1. Radioactive Decay: Used to determine the time it takes for a radioactive element to decay to half its
original amount.

2. Pharmacokinetics: Helps in understanding how long a drug remains effective in the body.

3. Environmental Science: Used to calculate the breakdown of pollutants and their impacts on ecosystems.

4. Archaeology: Radiocarbon dating uses half-life to determine the age of ancient artifacts.

Using Calculus in Half-Life Problems

‘When solving half-life problems, calculus plays a vital role, particularly in the derivation of formulas and

the computation of values over time.

The Derivation of the Exponential Decay Formula

To derive the exponential decay formula, we start with the differential equation representing the rate of

decay:
\[ \frac{dN}{dt} = -kN \]

This equation states that the rate of change of the quantity \( N \) with respect to time \( t \) is proportional
to the current amount \( N \) present, with \( k \) being the decay constant.



To solve this differential equation, we can separate variables:

\[ \frac{dN}{N} = -k dt \]

Integrating both sides gives:

\[ \In(N) = -kt + C \]

Where \( C ) is the integration constant. Exponentiating both sides results in:

\[N = e{-kt + C} \]
\[ N = e"C \cdot e’{-kt} \]

Letting \( N_0 = e"C \), the equation simplifies to:
\[ N(t) = N_O \cdot e"{-kt} \]

This is the standard form of the exponential decay function.

Solving a Half-Life Problem Step by Step

Let’s consider a practical example to illustrate how to use these formulas to solve a half-life problem.

Example Problem: A radioactive isotope has a half-life of 5 years. If you start with 80 grams of the

substance, how much will remain after 15 years?

Step 1: Find the decay constant \( k \)

Using the relationship between \( k \) and the half-life:

\[ k = \frac{\In(2)}{t_{1/2}} = \frac{0.693}{5} \approx 0.1386 \text{ years}"{-1} \]

Step 2: Set up the exponential decay function

We know the initial amount \( N_0 = 80 \) grams. The amount remaining after \( t \) years is given by:
\[ N(t) = 80 \cdot e{-0.1386t} \]

Step 3: Calculate \( N(15) \)

Now, we can plug in \(t=15\):



\[ N(15) = 80 \cdot e{-0.1386 \cdot 15} \]

Calculating the exponent:

\[ -0.1386 \cdot 15 \approx -2.079 \]

So:

\[ N(15) = 80 \cdot e"{-2.079} \approx 80 \cdot 0.125 \approx 10 \text{ grams} \]

After 15 years, approximately 10 grams of the radioactive isotope will remain.

Complex Half-Life Problems

While the above example illustrates a straightforward half-life problem, many real-world scenarios can

involve more complex calculations and considerations.

Multiple Substances with Different Half-Lives

Sometimes, you may deal with multiple substances that have different half-lives. In such cases, you need to

account for each substance separately and then combine the results.

1. Identify each substance and its half-life.
2. Calculate the remaining quantity using the exponential decay formula for each substance.

3. Sum the results to get the total remaining quantity.

Example: A sample contains two isotopes, A and B, with half-lives of 3 years and 6 years, respectively. If

you start with 100 grams of A and 200 grams of B, how much will remain after 12 years?

- For isotope A:
- \( k_A = \frac{\In(2)}{3} \approx 0.231\)
- \( N_A(12) = 100 \cdot €"{-0.231 \cdot 12} \approx 100 \cdot 0.043 \approx 4.3 \text{ grams} \)

- For isotope B:
- \( k_B = \frac{\In(2)}{6} \approx 0.116 \)
- \( N_B(12) = 200 \cdot €"{-0.116 \cdot 12} \approx 200 \cdot 0.233 \approx 46.6 \text{ grams} \)

Total Remaining: \( 4.3 + 46.6 \approx 50.9 \text{ grams} \)



Non-Constant Half-Life Problems

In some cases, half-lives may not be constant due to environmental factors or other influences. In such
situations, numerical methods or more advanced calculus techniques like differential equations may be

necessary to model the decay accurately.

1. Define a function that describes the non-constant decay.
2. Use numerical integration or other calculus techniques to approximate the remaining quantity over

time.

Conclusion

Calculus half-life problems are not just theoretical exercises but have practical implications across various
scientific disciplines. By understanding the principles of exponential decay and mastering the use of
calculus in these problems, you can effectively model and predict how substances behave over time.
Whether you are dealing with radioactive isotopes, pharmaceuticals, or environmental pollutants, the
ability to solve half-life problems is an essential skill in scientific inquiry. As you practice with different
scenarios and complexities, you will gain a deeper appreciation for the beauty and utility of calculus in the

natural world.

Frequently Asked Questions

What is the concept of half-life in calculus?

Half-life is the time required for a quantity to reduce to half its initial value. In calculus, it often involves

exponential decay functions where the rate of decay is proportional to the quantity present.

How do you derive the half-life formula from the exponential decay
equation?

Starting from the exponential decay formula N(t) = NO e”(-kt), you can find the half-life (t_1/2) by setting
N(t_1/2) = N0/2 and solving for t_1/2, resulting in t_1/2 = In(2)/k.

What are some real-world applications of half-life problems solved using
calculus?

Half-life problems are commonly applied in fields such as radioactive decay in physics, pharmacokinetics in

medicine for drug elimination, and in biology for understanding population dynamics and carbon dating.



How does the concept of half-life relate to integration in calculus?

The concept of half-life can be analyzed using integration when calculating the total amount of substance

remaining over time, especially when dealing with continuous decay processes.

Can you explain how to use calculus to solve a half-life problem involving
multiple decay phases?

To solve a half-life problem with multiple decay phases, you can set up a system of differential equations
representing each phase's decay rate and then use calculus techniques such as separation of variables or

Laplace transforms to find the total decay over time.
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