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Week 8 Problem Set Solutions 
 
Some useful information about energy: Some of the problems below explore various aspects of energy 
as it relates to relativity. In the MKS (meter-kilogram-second) system of units, the unit of energy is the 
joule (named after James Joule, a 19th-century pioneer in the study of heat and energy). For many 
relativistic problems, however, a joule is an inconveniently small unit, as the energies involved are on 
the order of terajoules (a million million joules) or petajoules (a thousand million million joules) or 
higher. So we will introduce a new unit: the power plant unit.  
 
A typical large electricity generating plant has an output around 1,000 MW (megawatts). (Although 
“typical” also depends on the type of power plant, with some types below 1,000 MW. And very large 
power plants have outputs in the range of 8,000-14,000 MW. The largest power plant in the world is the 
Three Gorges dam power plant in China, with a maximum output of 22,500 MW.) A watt is a unit of 
power and is equal to 1 joule per second, so a megawatt is 1 million joules per second. (The watt was 
named after James Watt, a pioneer in the development of steam power in the late 18th century.) In a 
year, therefore, a large 1,000 MW power plant will generate about 3.15x1016 joules. We will call this 
value one power plant unit (i.e., the energy generated by a large power plant in one year.) For 
reference, one power plant unit is enough to supply the yearly electrical needs of approximately 1 
million residences (in the United States). 
 
Problem 1 (1 point for each question, for a total of 6 points). One kilogram of mass, if converted 
completely to energy, is equivalent to 9x1016 joules, or the annual output of 2.86 large power plants (!). 
Calculate the energy equivalence of the mass of the following objects, expressed in terms of number of 
power plants. 

Solution: To do the calculations below, multiply the number of kilograms by 2.86. (The calculations are 
easy, but the point of the problem is to help you understand how much energy is contained in a 
relatively small amount of mass.) 

(a) Pencil (5 grams, or 0.005 kg) 

Answer: 0.014 power plants 

(b) Tennis ball (0.058 kg) 

Answer: 0.166 power plants 

(c) Basketball (0.62 kg) 

Answer: 1.77 power plants 

(d) A textbook (2 kg) 

Answer: 5.72 power plants 

(e) A grand piano (300 kg) 

Answer: 858 power plants 

(f) A small car (1350 kg) 

Answer: 3861 power plants 



 
Problem 2 (1 point for each question, for a total of 6 points). The first atomic bombs (the Trinity test, 
followed by the Hiroshima and Nagasaki bombs) had an explosive power in the range of 15,000-20,000 
tons of TNT. This is equivalent to 62-84 terajoules. If we take an approximate value of 70 terajoules, or 
7x1013 joules, for these first atomic bombs, we find (using E = mc2) that one kilogram of ordinary mass, if 
converted completely to energy, is equivalent to 1286 atomic bombs (!). Calculate the energy 
equivalence of the mass of the following objects, expressed in terms of number of atomic bombs. (Later 
atomic bombs and hydrogen bombs were much more powerful, but for this problem just use the 1286 
value that’s based on the original bombs. Note also that this result indicates (a) how little of the uranium 
or plutonium mass gets converted to energy in an atomic bomb, and (b) the vast amounts of energy 
contained in just a little mass.) 

Solution: To do the calculations below, multiply the number of kilograms by 1286. (As in Problem 1, the 
calculations are easy, but the problem will give you additional insight into how much energy is contained 
in a relatively small amount of mass.) 

(a) Pencil (5 grams, or 0.005 kg) 

Answer: 6.43 atomic bombs 

(b) Tennis ball (0.058 kg) 

Answer: 74.6 atomic bombs 

(c) Basketball (0.62 kg) 

Answer: 797 atomic bombs 

(d) A textbook (2 kg) 

Answer: 2572 atomic bombs 

(e) A grand piano (300 kg) 

Answer: 385,800 atomic bombs 

(f) A small car (1350 kg) 

Answer: 1,736,100 atomic bombs 

 
Problem 3 (1 point for each question, for a total of 5 points). Consider a spaceship with a mass of 
10,000 kilograms. The rest energy of such a spaceship is mc2, and the total energy when it is moving 
with velocity v is γmc2 (where γ is the Lorentz factor). Therefore the amount of energy due to its motion 
is γmc2 – mc2 = (γ – 1)mc2. This equation provides a way for us to estimate how much energy is required 
to get the spaceship moving to a certain velocity. Given that 1 kg is equivalent to 2.86 large power plants 
(from above), the mass of the spaceship is equivalent to the annual output of 28,600 large power plants. 
Using this fact, calculate the energy required to get the spaceship to travel at the following velocities. 
Express your answer in terms of the equivalent number of power plants, as in the previous problems. 
(For example, if γ = 1.1, then the energy of motion is (1.1 – 1)mc2 = 0.1mc2 = equivalent to 2,860 power 
plants.) Tip: Remember that when the velocity is expressed in terms of c (such as 0.1c), the c’s cancel 
out in the expression for γ, so that you don’t need to use a numerical value for c in the calculation. 
 
(a) v = 300 km/second = 0.001c. (This is about 17 times faster than the Voyager 2 spacecraft, which is 
the fastest spacecraft in existence. It was launched in the 1970s and is currently exploring the outer 
reaches of the solar system. It reached its high speed, in part, by using a gravitational slingshot effect 
when passing Saturn.) 



Answer: γ = 1.0000005, so energy required = (0.0000005)(28,600) = 0.014 power plants 
 
(b) v = 0.5c 
Answer: γ = 1.15, so energy required = (0.15)(28,600) = 4,290 power plants 
 
(c) v = 0.9c 
Answer: γ = 2.29, so energy required = (1.29)(28,600) = 36,894 power plants 
 
(d) v = 0.999c 
Answer: γ = 22.4, so energy required = (21.4)(28,600) = 612,040 power plants 
 
(e) v = 0.99999c 
Answer: γ = 224, so energy required = (223)(28,600) = 6,377,800 power plants 
 
Note: Given the results for parts (c)-(e), what would you expect the result to be for v = 0.9999999c? That 
is, note the pattern. Note also that this velocity will get a spaceship to the center of the galaxy in 
approximately 13 years by the spaceship’s clock. 
Answer: We expect that the Lorentz factor for v = 0.9999999c will be approximately 2240 (based on the 
Lorentz factors for (d) and (e)), so it would be (2239)(28,600) = approximately 64,000,000 power plants. 
(The actual Lorentz factor is 2236, giving 63,921,000 power plants.) 
 

Problem 4 (2 points for each question, for a total of 6 points). At the surface of the sun, the 
acceleration due to the sun’s gravity is 270 m/s2. This value is about 28 times greater than the force of 
gravity we feel at the surface of the Earth. For this problem, we want to get an idea of how much the 
sun’s gravity would affect the passage of a light ray (from a distant star) that travels near the surface of 
the sun. To do so, consider the elevator example we did in the video on the bending of light. Assume 
that the elevator starts from rest, and then undergoes an upward acceleration that is equivalent to the 
gravitational acceleration at the surface of the sun, i.e., a = 270 m/s2. Just as the elevator starts 
accelerating, the light ray enters the elevator through a hole in the left wall and then travels to the right 
wall. When it hits the right wall, creating a dot of light, we find that the dot is 1 millimeter (0.001 
meters, or one thousandth of a meter) below the height where the light ray entered the elevator. In 
other words, while the light ray was traveling across the elevator, the elevator moved up by 1 
millimeter.  
 
(a) Using the formula below, calculate the time it takes for the elevator to move up 1 millimeter. 
 

𝑡 =  �
2𝑑
𝑎

 seconds, where d = the distance moved, and a = the acceleration of the elevator in m/𝑠2 

 
Answer: With d = 0.001 meters and a = 270 m/s2, we find t = 0.0027 seconds 
 
(b) Using the result from part (a), and the speed of light in m/s, calculate how wide the elevator is (i.e., 
how far the right side is from the left side). 
Answer: The width is (0.0027 seconds)(300,000 km/s) = 810 kilometers (810,000 meters) 
 
(c) The effect of the acceleration of the elevator (or, by the equivalence principle, the effect of a 
gravitational field similar to that of the sun) on the path of the light beam can be expressed as an angle 
of deviation. That is, the light beam deviates from its straight path by some angle. In this case, the value 
of this angle will be the vertical distance of deviation of the light beam (i.e., 1 millimeter) divided by the 
width of the elevator. (For those of you who have had some trigonometry, we’re essentially calculating a 
tangent using a small-angle approximation.) So using the width result from (b), calculate a value for the 



angle of deviation. This angle result will automatically be in a unit called radians. Then, to put it in the 
more intuitive form of degrees (where there are 360 degrees in a circle, of course), multiply it by 57.3 to 
get the final answer for the deviation angle in degrees. 
Answer: (0.001 m)/(810,000 m) times 57.3 = 0.00000007 degrees 
 
Note: This problem is a very simplistic approximation of the bending of light by the sun, but it does give 
some insight into how much a light ray would be bent by the gravitational field of the sun (and the 
difficulty of measuring such an effect in 1919). 
 
 
Problem 5 (1 point). In the video lecture on the equivalence principle (the “happiest thought”), we 
showed qualitatively how a clock at the bottom of an accelerating elevator will run slower than a clock 
at the top. In certain cases, the time difference between the clocks is given by ah/c2, where a is the 
acceleration of the elevator, h is the height of the elevator, and c is the speed of light. (The “certain 
cases” where this is true is when the value a times h is much less than c2.) 

Assume that the elevator is accelerating at 270 m/s2 (equal to the acceleration due to gravity at the 
surface of the sun). In order to have a time difference of one millionth of a second (0.000001 seconds) 
between the two clocks, what height (in meters) would the elevator need to be? (For comparison, note 
that the average distance from the Earth to the moon is 384,400,000 meters.) 

Answer: h = tc2/a = (0.000001)(300,000,000)2/(270) = 333,333,333. (Note that technically the formula 
ah/c2 gives the fractional correction for the time dilation rate, but it’s still useful here.) 


