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Q37.12 When a monochromatic light source moves toward an
observer, its wavelength appears to be shorter than the value meas-
ured when the source is at rest. Does this contradict the hypothesis
that the speed of light is the same for all observers? Explain.
Q37.13 In principle, does a hot gas have more mass than the same
gas when it is cold? Explain. In practice, would this be a measura-
ble effect? Explain.
Q37.14 Why do you think the development of Newtonian mechanics
preceded the more refined relativistic mechanics by so many years?

EXERCISES
Section 37.2 Relativity of Simultaneity
37.1 . Suppose the two lightning bolts shown in Fig. 37.5a are
simultaneous to an observer on the train. Show that they are not
simultaneous to an observer on the ground. Which lightning strike
does the ground observer measure to come first?

Section 37.3 Relativity of Time Intervals
37.2 . The positive muon an unstable particle, lives on
average (measured in its own frame of reference)
before decaying. (a) If such a particle is moving, with respect to
the laboratory, with a speed of what average lifetime is
measured in the laboratory? (b) What average distance, measured
in the laboratory, does the particle move before decaying?
37.3 . How fast must a rocket travel relative to the earth so that time
in the rocket “slows down” to half its rate as measured by earth-based
observers? Do present-day jet planes approach such speeds?
37.4 . A spaceship flies past Mars with a speed of relative
to the surface of the planet. When the spaceship is directly over-
head, a signal light on the Martian surface blinks on and then off.
An observer on Mars measures that the signal light was on for

(a) Does the observer on Mars or the pilot on the space-
ship measure the proper time? (b) What is the duration of the light
pulse measured by the pilot of the spaceship?
37.5 . The negative pion is an unstable particle with an
average lifetime of (measured in the rest frame of
the pion). (a) If the pion is made to travel at very high speed rela-
tive to a laboratory, its average lifetime is measured in the labora-
tory to be Calculate the speed of the pion
expressed as a fraction of (b) What distance, measured in the
laboratory, does the pion travel during its average lifetime?
37.6 .. As you pilot your space utility vehicle at a constant speed
toward the moon, a race pilot flies past you in her spaceracer at a
constant speed of relative to you. At the instant the space-
racer passes you, both of you start timers at zero. (a) At the instant
when you measure that the spaceracer has traveled 
past you, what does the race pilot read on her timer? (b) When the
race pilot reads the value calculated in part (a) on her timer, what
does she measure to be your distance from her? (c) At the instant
when the race pilot reads the value calculated in part (a) on her
timer, what do you read on yours?
37.7 .. A spacecraft flies away from the earth with a speed of

relative to the earth and then returns at the same
speed. The spacecraft carries an atomic clock that has been care-
fully synchronized with an identical clock that remains at rest on
earth. The spacecraft returns to its starting point 365 days (1 year)
later, as measured by the clock that remained on earth. What is the
difference in the elapsed times on the two clocks, measured in
hours? Which clock, the one in the spacecraft or the one on earth,
shows the shorter elapsed time?

4.80 * 106 m>s

1.20 * 108 m

0.800c

c.
4.20 * 10-7 s.

2.60 * 10-8 s
1p-2

75.0 ms.

0.985c

0.900c,

2.20 * 10-6 s
1m+2,

37.8 . An alien spacecraft is flying overhead at a great distance as
you stand in your backyard. You see its searchlight blink on for

The first officer on the spacecraft measures that the search-
light is on for (a) Which of these two measured times is
the proper time? (b) What is the speed of the spacecraft relative to
the earth expressed as a fraction of the speed of light c?

Section 37.4 Relativity of Length
37.9 . A spacecraft of the Trade Federation flies past the planet
Coruscant at a speed of . A scientist on Coruscant measures
the length of the moving spacecraft to be The spacecraft
later lands on Coruscant, and the same scientist measures the
length of the now stationary spacecraft. What value does she get?
37.10 . A meter stick moves past you at great speed. Its motion
relative to you is parallel to its long axis. If you measure the length
of the moving meter stick to be —for
example, by comparing it to a 1-foot ruler that is at rest relative to
you—at what speed is the meter stick moving relative to you?
37.11 .. Why Are We Bombarded by Muons? Muons are
unstable subatomic particles that decay to electrons with a mean
lifetime of They are produced when cosmic rays bombard
the upper atmosphere about 10 km above the earth’s surface, and
they travel very close to the speed of light. The problem we want
to address is why we see any of them at the earth’s surface. 
(a) What is the greatest distance a muon could travel during its

lifetime? (b) According to your answer in part (a), it would
seem that muons could never make it to the ground. But the 
lifetime is measured in the frame of the muon, and muons are mov-
ing very fast. At a speed of what is the mean lifetime of a
muon as measured by an observer at rest on the earth? How far
would the muon travel in this time? Does this result explain why
we find muons in cosmic rays? (c) From the point of view of the
muon, it still lives for only so how does it make it to the
ground? What is the thickness of the 10 km of atmosphere through
which the muon must travel, as measured by the muon? Is it now
clear how the muon is able to reach the ground?
37.12 . An unstable particle is created in the upper atmosphere
from a cosmic ray and travels straight down toward the surface of
the earth with a speed of relative to the earth. A scientist
at rest on the earth’s surface measures that the particle is created at
an altitude of (a) As measured by the scientist, how much
time does it take the particle to travel the to the surface of
the earth? (b) Use the length-contraction formula to calculate the
distance from where the particle is created to the surface of the
earth as measured in the particle’s frame. (c) In the particle’s
frame, how much time does it take the particle to travel from
where it is created to the surface of the earth? Calculate this time
both by the time dilation formula and from the distance calculated
in part (b). Do the two results agree?
37.13 . As measured by an observer on the earth, a spacecraft
runway on earth has a length of (a) What is the length of
the runway as measured by a pilot of a spacecraft flying past at a
speed of relative to the earth? (b) An observer on
earth measures the time interval from when the spacecraft is
directly over one end of the runway until it is directly over the
other end. What result does she get? (c) The pilot of the spacecraft
measures the time it takes him to travel from one end of the run-
way to the other end. What value does he get?
37.14 . A rocket ship flies past the earth at 85.0% of the speed of
light. Inside, an astronaut who is undergoing a physical examination
is having his height measured while he is lying down parallel to the
direction the rocket ship is moving. (a) If his height is measured to
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be 2.00 m by his doctor inside the ship, what height would a per-
son watching this from earth measure for his height? (b) If the
earth-based person had measured 2.00 m, what would the doctor in
the spaceship have measured for the astronaut’s height? Is this a
reasonable height? (c) Suppose the astronaut in part (a) gets up
after the examination and stands with his body perpendicular to the
direction of motion. What would the doctor in the rocket and the
observer on earth measure for his height now?

Section 37.5 The Lorentz Transformations
37.15 . An observer in frame is moving to the right

at speed away from a stationary
observer in frame The observer in measures the speed of a
particle moving to the right away from her. What speed does the
observer in measure for the particle if (a) 
(b) (c) 
37.16 . Space pilot Mavis zips past Stanley at a constant speed
relative to him of Mavis and Stanley start timers at zero
when the front of Mavis’s ship is directly above Stanley. When
Mavis reads on her timer, she turns on a bright light under
the front of her spaceship. (a) Use the Lorentz coordinate transfor-
mation derived in Example 37.6 to calculate and as measured
by Stanley for the event of turning on the light. (b) Use the time
dilation formula, Eq. (37.6), to calculate the time interval between
the two events (the front of the spaceship passing overhead and
turning on the light) as measured by Stanley. Compare to the value
of you calculated in part (a). (c) Multiply the time interval by
Mavis’s speed, both as measured by Stanley, to calculate the dis-
tance she has traveled as measured by him when the light turns on.
Compare to the value of you calculated in part (a).
37.17 .. A pursuit spacecraft from the planet Tatooine is attempt-
ing to catch up with a Trade Federation cruiser. As measured by an
observer on Tatooine, the cruiser is traveling away from the planet
with a speed of The pursuit ship is traveling at a speed of

relative to Tatooine, in the same direction as the cruiser. 
(a) For the pursuit ship to catch the cruiser, should the velocity of
the cruiser relative to the pursuit ship be directed toward or away
from the pursuit ship? (b) What is the speed of the cruiser relative
to the pursuit ship?
37.18 . An extraterrestrial spaceship is moving away from the
earth after an unpleasant encounter with its inhabitants. As it
departs, the spaceship fires a missile toward the earth. An observer
on earth measures that the spaceship is moving away with a speed
of . An observer in the spaceship measures that the missile
is moving away from him at a speed of . As measured by an
observer on earth, how fast is the missile approaching the earth?
37.19 .. Two particles are created in a high-energy accelerator
and move off in opposite directions. The speed of one particle, as
measured in the laboratory, is and the speed of each parti-
cle relative to the other is What is the speed of the second
particle, as measured in the laboratory?
37.20 .. Two particles in a high-energy accelerator experiment
are approaching each other head-on, each with a speed of 
as measured in the laboratory. What is the magnitude of the veloc-
ity of one particle relative to the other?
37.21 .. Two particles in a high-energy accelerator experiment
approach each other head-on with a relative speed of Both
particles travel at the same speed as measured in the laboratory.
What is the speed of each particle, as measured in the laboratory?
37.22 .. An enemy spaceship is moving toward your starfighter
with a speed, as measured in your frame, of The enemy
ship fires a missile toward you at a speed of relative to the0.700c
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enemy ship (Fig. E37.22). (a) What is the speed of the missile rela-
tive to you? Express your answer in terms of the speed of light. (b)
If you measure that the enemy ship is away from
you when the missile is fired, how much time, measured in your
frame, will it take the missile to reach you?

37.23 . An imperial spaceship, moving at high speed relative to
the planet Arrakis, fires a rocket toward the planet with a speed of

relative to the spaceship. An observer on Arrakis measures
that the rocket is approaching with a speed of What is the
speed of the spaceship relative to Arrakis? Is the spaceship moving
toward or away from Arrakis?

Section 37.6 The Doppler Effect 
for Electromagnetic Waves
37.24 . Electromagnetic radiation from a star is observed with an
earth-based telescope. The star is moving away from the earth with a
speed of . If the radiation has a frequency of 
in the rest frame of the star, what is the frequency measured by an
observer on earth?
37.25 . Tell It to the Judge. (a) How fast must you be
approaching a red traffic light for it to appear yel-
low Express your answer in terms of the speed of
light. (b) If you used this as a reason not to get a ticket for running
a red light, how much of a fine would you get for speeding?
Assume that the fine is $1.00 for each kilometer per hour that your
speed exceeds the posted limit of 
37.26 . A source of electromagnetic radiation is moving in a
radial direction relative to you. The frequency you measure is 1.25
times the frequency measured in the rest frame of the source. What
is the speed of the source relative to you? Is the source moving
toward you or away from you?

Section 37.7 Relativistic Momentum
37.27 . A proton has momentum with magnitude when its
speed is . In terms of , what is the magnitude of the pro-
ton’s momentum when its speed is doubled to 0.800c?
37.28 . When Should You Use Relativity? As you have seen,
relativistic calculations usually involve the quantity When is
appreciably greater than 1, we must use relativistic formulas instead
of Newtonian ones. For what speed (in terms of ) is the value of

(a) 1.0% greater than 1; (b) 10% greater than 1; (c) 100% greater
than 1?
37.29 . (a) At what speed is the momentum of a particle twice as
great as the result obtained from the nonrelativistic expression 
Express your answer in terms of the speed of light. (b) A force is
applied to a particle along its direction of motion. At what speed is
the magnitude of force required to produce a given acceleration
twice as great as the force required to produce the same acceleration
when the particle is at rest? Express your answer in terms of the
speed of light.
37.30 . As measured in an earth-based frame, a proton is moving
in the !x-direction at a speed of . (a) What force
(magnitude and direction) is required to produce an acceleration in
the that has magnitude ? (b) What
magnitude of acceleration does the force calculated in part (a) give
to a proton that is initially at rest?
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37.31 . An electron is acted upon by a force of 
due to an electric field. Find the acceleration this force produces in
each case: (a) The electron’s speed is 1.00 km s. (b) The electron’s
speed is and the force is parallel to the velocity.
37.32 . Relativistic Baseball. Calculate the magnitude of the
force required to give a baseball an acceleration 

in the direction of the baseball’s initial velocity when
this velocity has a magnitude of (a) (b) (c) 
(d) Repeat parts (a), (b), and (c) if the force and acceleration are
perpendicular to the velocity.

Section 37.8 Relativistic Work and Energy
37.33 .. What is the speed of a particle whose kinetic energy is
equal to (a) its rest energy and (b) five times its rest energy?
37.34 . If a muon is traveling at 0.999c, what are its momentum
and kinetic energy? (The mass of such a muon at rest in the labora-
tory is 207 times the electron mass.)
37.35 . A proton (rest mass has total energy
that is 4.00 times its rest energy. What are (a) the kinetic energy of the
proton; (b) the magnitude of the momentum of the proton; (c) the
speed of the proton?
37.36 .. (a) How much work must be done on a particle with
mass to accelerate it (a) from rest to a speed of and 
(b) from a speed of to a speed of (Express the
answers in terms of ) (c) How do your answers in parts (a) and
(b) compare?
37.37 . CP (a) By what percentage does your rest mass increase
when you climb to the top of a ten-story building? Are you
aware of this increase? Explain. (b) By how many grams does the
mass of a spring with force constant change
when you compress it by Does the mass increase or
decrease? Would you notice the change in mass if you were hold-
ing the spring? Explain.
37.38 . A person is standing at rest on level ground. How
fast would she have to run to (a) double her total energy and (b)
increase her total energy by a factor of 10?
37.39 . An Antimatter Reactor. When a particle meets its
antiparticle, they annihilate each other and their mass is converted
to light energy. The United States uses approximately 
of energy per year. (a) If all this energy came from a futuristic anti-
matter reactor, how much mass of matter and antimatter fuel
would be consumed yearly? (b) If this fuel had the density of iron

and were stacked in bricks to form a cubical pile,
how high would it be? (Before you get your hopes up, antimatter
reactors are a long way in the future—if they ever will be feasible.)
37.40 .. Electrons are accelerated through a potential difference
of 750 kV, so that their kinetic energy is (a) What
is the ratio of the speed of an electron having this energy to the
speed of light, c? (b) What would the speed be if it were computed
from the principles of classical mechanics?
37.41 . A particle has rest mass and momentum

(a) What is the total energy (kinetic plus
rest energy) of the particle? (b) What is the kinetic energy of the
particle? (c) What is the ratio of the kinetic energy to the rest
energy of the particle?
37.42 .. A speck of dust is accelerated from rest to a
speed of by a constant N force. (a) If the non-
relativistic mechanics is used, how far does the object travel to
reach its final speed? (b) Using the correct relativistic treatment of
Section 37.8, how far does the object travel to reach its final
speed? (c) Which distance is greater? Why?
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nonrelativistic) for speeds of (a) and (b) 

37.44 . What is the kinetic energy of a proton moving at (a) 
(b) (c) How much work must be done to 
(d) increase the proton’s speed from to and 
(e) increase the proton’s speed from to (f ) How do
the last two results compare to results obtained in the nonrelativis-
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37.45 . (a) Through what potential difference does an electron
have to be accelerated, starting from rest, to achieve a speed of

? (b) What is the kinetic energy of the electron at this speed?
Express your answer in joules and in electron volts.
37.46 . Creating a Particle. Two protons (each with rest mass

) are initially moving with equal speeds in
opposite directions. The protons continue to exist after a collision
that also produces an particle (see Chapter 44). The rest mass of
the is (a) If the two protons and the 
are all at rest after the collision, find the initial speed of the pro-
tons, expressed as a fraction of the speed of light. (b) What is the
kinetic energy of each proton? Express your answer in MeV. 
(c) What is the rest energy of the expressed in MeV? (d) Dis-
cuss the relationship between the answers to parts (b) and (c).
37.47 . The sun produces energy by nuclear fusion reactions, in
which matter is converted into energy. By measuring the amount
of energy we receive from the sun, we know that it is producing
energy at a rate of (a) How many kilograms of mat-
ter does the sun lose each second? Approximately how many tons
of matter is this (1 ton 2000 lbs)? (b) At this rate, how long
would it take the sun to use up all its mass?
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PROBLEMS
37.48 . Inside a spaceship flying past the earth at three-fourths
the speed of light, a pendulum is swinging. (a) If each swing takes
1.50 s as measured by an astronaut performing an experiment
inside the spaceship, how long will the swing take as measured by
a person at mission control on earth who is watching the experi-
ment? (b) If each swing takes 1.50 s as measured by a person at
mission control on earth, how long will it take as measured by the
astronaut in the spaceship?
37.49 . After being produced in a collision between elementary
particles, a positive pion must travel down a 1.90-km-long
tube to reach an experimental area. A particle has an average
lifetime (measured in its rest frame) of the we
are considering has this lifetime. (a) How fast must the travel if
it is not to decay before it reaches the end of the tube? (Since will
be very close to write and give your answer in
terms of rather than ) (b) The has a rest energy of

What is the total energy of the at the speed calcu-
lated in part (a)?
37.50 .. A cube of metal with sides of length sits at rest in a
frame with one edge parallel to the Therefore, in the cube
has volume Frame moves along the with a speed As
measured by an observer in frame what is the volume of the
metal cube?
37.51 ... The starships of the Solar Federation are marked with the
symbol of the federation, a circle, while starships of the Denebian
Empire are marked with the empire’s symbol, an ellipse whose
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37.31 . An electron is acted upon by a force of 
due to an electric field. Find the acceleration this force produces in
each case: (a) The electron’s speed is 1.00 km s. (b) The electron’s
speed is and the force is parallel to the velocity.
37.32 . Relativistic Baseball. Calculate the magnitude of the
force required to give a baseball an acceleration 

in the direction of the baseball’s initial velocity when
this velocity has a magnitude of (a) (b) (c) 
(d) Repeat parts (a), (b), and (c) if the force and acceleration are
perpendicular to the velocity.
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and kinetic energy? (The mass of such a muon at rest in the labora-
tory is 207 times the electron mass.)
37.35 . A proton (rest mass has total energy
that is 4.00 times its rest energy. What are (a) the kinetic energy of the
proton; (b) the magnitude of the momentum of the proton; (c) the
speed of the proton?
37.36 .. (a) How much work must be done on a particle with
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answers in terms of ) (c) How do your answers in parts (a) and
(b) compare?
37.37 . CP (a) By what percentage does your rest mass increase
when you climb to the top of a ten-story building? Are you
aware of this increase? Explain. (b) By how many grams does the
mass of a spring with force constant change
when you compress it by Does the mass increase or
decrease? Would you notice the change in mass if you were hold-
ing the spring? Explain.
37.38 . A person is standing at rest on level ground. How
fast would she have to run to (a) double her total energy and (b)
increase her total energy by a factor of 10?
37.39 . An Antimatter Reactor. When a particle meets its
antiparticle, they annihilate each other and their mass is converted
to light energy. The United States uses approximately 
of energy per year. (a) If all this energy came from a futuristic anti-
matter reactor, how much mass of matter and antimatter fuel
would be consumed yearly? (b) If this fuel had the density of iron

and were stacked in bricks to form a cubical pile,
how high would it be? (Before you get your hopes up, antimatter
reactors are a long way in the future—if they ever will be feasible.)
37.40 .. Electrons are accelerated through a potential difference
of 750 kV, so that their kinetic energy is (a) What
is the ratio of the speed of an electron having this energy to the
speed of light, c? (b) What would the speed be if it were computed
from the principles of classical mechanics?
37.41 . A particle has rest mass and momentum

(a) What is the total energy (kinetic plus
rest energy) of the particle? (b) What is the kinetic energy of the
particle? (c) What is the ratio of the kinetic energy to the rest
energy of the particle?
37.42 .. A speck of dust is accelerated from rest to a
speed of by a constant N force. (a) If the non-
relativistic mechanics is used, how far does the object travel to
reach its final speed? (b) Using the correct relativistic treatment of
Section 37.8, how far does the object travel to reach its final
speed? (c) Which distance is greater? Why?
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the is (a) If the two protons and the 
are all at rest after the collision, find the initial speed of the pro-
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(c) What is the rest energy of the expressed in MeV? (d) Dis-
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which matter is converted into energy. By measuring the amount
of energy we receive from the sun, we know that it is producing
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it is not to decay before it reaches the end of the tube? (Since will
be very close to write and give your answer in
terms of rather than ) (b) The has a rest energy of
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37.31 . An electron is acted upon by a force of 
due to an electric field. Find the acceleration this force produces in
each case: (a) The electron’s speed is 1.00 km s. (b) The electron’s
speed is and the force is parallel to the velocity.
37.32 . Relativistic Baseball. Calculate the magnitude of the
force required to give a baseball an acceleration 

in the direction of the baseball’s initial velocity when
this velocity has a magnitude of (a) (b) (c) 
(d) Repeat parts (a), (b), and (c) if the force and acceleration are
perpendicular to the velocity.
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37.33 .. What is the speed of a particle whose kinetic energy is
equal to (a) its rest energy and (b) five times its rest energy?
37.34 . If a muon is traveling at 0.999c, what are its momentum
and kinetic energy? (The mass of such a muon at rest in the labora-
tory is 207 times the electron mass.)
37.35 . A proton (rest mass has total energy
that is 4.00 times its rest energy. What are (a) the kinetic energy of the
proton; (b) the magnitude of the momentum of the proton; (c) the
speed of the proton?
37.36 .. (a) How much work must be done on a particle with
mass to accelerate it (a) from rest to a speed of and 
(b) from a speed of to a speed of (Express the
answers in terms of ) (c) How do your answers in parts (a) and
(b) compare?
37.37 . CP (a) By what percentage does your rest mass increase
when you climb to the top of a ten-story building? Are you
aware of this increase? Explain. (b) By how many grams does the
mass of a spring with force constant change
when you compress it by Does the mass increase or
decrease? Would you notice the change in mass if you were hold-
ing the spring? Explain.
37.38 . A person is standing at rest on level ground. How
fast would she have to run to (a) double her total energy and (b)
increase her total energy by a factor of 10?
37.39 . An Antimatter Reactor. When a particle meets its
antiparticle, they annihilate each other and their mass is converted
to light energy. The United States uses approximately 
of energy per year. (a) If all this energy came from a futuristic anti-
matter reactor, how much mass of matter and antimatter fuel
would be consumed yearly? (b) If this fuel had the density of iron

and were stacked in bricks to form a cubical pile,
how high would it be? (Before you get your hopes up, antimatter
reactors are a long way in the future—if they ever will be feasible.)
37.40 .. Electrons are accelerated through a potential difference
of 750 kV, so that their kinetic energy is (a) What
is the ratio of the speed of an electron having this energy to the
speed of light, c? (b) What would the speed be if it were computed
from the principles of classical mechanics?
37.41 . A particle has rest mass and momentum

(a) What is the total energy (kinetic plus
rest energy) of the particle? (b) What is the kinetic energy of the
particle? (c) What is the ratio of the kinetic energy to the rest
energy of the particle?
37.42 .. A speck of dust is accelerated from rest to a
speed of by a constant N force. (a) If the non-
relativistic mechanics is used, how far does the object travel to
reach its final speed? (b) Using the correct relativistic treatment of
Section 37.8, how far does the object travel to reach its final
speed? (c) Which distance is greater? Why?
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37.45 . (a) Through what potential difference does an electron
have to be accelerated, starting from rest, to achieve a speed of

? (b) What is the kinetic energy of the electron at this speed?
Express your answer in joules and in electron volts.
37.46 . Creating a Particle. Two protons (each with rest mass

) are initially moving with equal speeds in
opposite directions. The protons continue to exist after a collision
that also produces an particle (see Chapter 44). The rest mass of
the is (a) If the two protons and the 
are all at rest after the collision, find the initial speed of the pro-
tons, expressed as a fraction of the speed of light. (b) What is the
kinetic energy of each proton? Express your answer in MeV. 
(c) What is the rest energy of the expressed in MeV? (d) Dis-
cuss the relationship between the answers to parts (b) and (c).
37.47 . The sun produces energy by nuclear fusion reactions, in
which matter is converted into energy. By measuring the amount
of energy we receive from the sun, we know that it is producing
energy at a rate of (a) How many kilograms of mat-
ter does the sun lose each second? Approximately how many tons
of matter is this (1 ton 2000 lbs)? (b) At this rate, how long
would it take the sun to use up all its mass?
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particles, a positive pion must travel down a 1.90-km-long
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it is not to decay before it reaches the end of the tube? (Since will
be very close to write and give your answer in
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What is the total energy of the at the speed calcu-
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37.31 . An electron is acted upon by a force of 
due to an electric field. Find the acceleration this force produces in
each case: (a) The electron’s speed is 1.00 km s. (b) The electron’s
speed is and the force is parallel to the velocity.
37.32 . Relativistic Baseball. Calculate the magnitude of the
force required to give a baseball an acceleration 

in the direction of the baseball’s initial velocity when
this velocity has a magnitude of (a) (b) (c) 
(d) Repeat parts (a), (b), and (c) if the force and acceleration are
perpendicular to the velocity.
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37.33 .. What is the speed of a particle whose kinetic energy is
equal to (a) its rest energy and (b) five times its rest energy?
37.34 . If a muon is traveling at 0.999c, what are its momentum
and kinetic energy? (The mass of such a muon at rest in the labora-
tory is 207 times the electron mass.)
37.35 . A proton (rest mass has total energy
that is 4.00 times its rest energy. What are (a) the kinetic energy of the
proton; (b) the magnitude of the momentum of the proton; (c) the
speed of the proton?
37.36 .. (a) How much work must be done on a particle with
mass to accelerate it (a) from rest to a speed of and 
(b) from a speed of to a speed of (Express the
answers in terms of ) (c) How do your answers in parts (a) and
(b) compare?
37.37 . CP (a) By what percentage does your rest mass increase
when you climb to the top of a ten-story building? Are you
aware of this increase? Explain. (b) By how many grams does the
mass of a spring with force constant change
when you compress it by Does the mass increase or
decrease? Would you notice the change in mass if you were hold-
ing the spring? Explain.
37.38 . A person is standing at rest on level ground. How
fast would she have to run to (a) double her total energy and (b)
increase her total energy by a factor of 10?
37.39 . An Antimatter Reactor. When a particle meets its
antiparticle, they annihilate each other and their mass is converted
to light energy. The United States uses approximately 
of energy per year. (a) If all this energy came from a futuristic anti-
matter reactor, how much mass of matter and antimatter fuel
would be consumed yearly? (b) If this fuel had the density of iron

and were stacked in bricks to form a cubical pile,
how high would it be? (Before you get your hopes up, antimatter
reactors are a long way in the future—if they ever will be feasible.)
37.40 .. Electrons are accelerated through a potential difference
of 750 kV, so that their kinetic energy is (a) What
is the ratio of the speed of an electron having this energy to the
speed of light, c? (b) What would the speed be if it were computed
from the principles of classical mechanics?
37.41 . A particle has rest mass and momentum

(a) What is the total energy (kinetic plus
rest energy) of the particle? (b) What is the kinetic energy of the
particle? (c) What is the ratio of the kinetic energy to the rest
energy of the particle?
37.42 .. A speck of dust is accelerated from rest to a
speed of by a constant N force. (a) If the non-
relativistic mechanics is used, how far does the object travel to
reach its final speed? (b) Using the correct relativistic treatment of
Section 37.8, how far does the object travel to reach its final
speed? (c) Which distance is greater? Why?
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are all at rest after the collision, find the initial speed of the pro-
tons, expressed as a fraction of the speed of light. (b) What is the
kinetic energy of each proton? Express your answer in MeV. 
(c) What is the rest energy of the expressed in MeV? (d) Dis-
cuss the relationship between the answers to parts (b) and (c).
37.47 . The sun produces energy by nuclear fusion reactions, in
which matter is converted into energy. By measuring the amount
of energy we receive from the sun, we know that it is producing
energy at a rate of (a) How many kilograms of mat-
ter does the sun lose each second? Approximately how many tons
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would it take the sun to use up all its mass?
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mission control on earth, how long will it take as measured by the
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tube to reach an experimental area. A particle has an average
lifetime (measured in its rest frame) of the we
are considering has this lifetime. (a) How fast must the travel if
it is not to decay before it reaches the end of the tube? (Since will
be very close to write and give your answer in
terms of rather than ) (b) The has a rest energy of

What is the total energy of the at the speed calcu-
lated in part (a)?
37.50 .. A cube of metal with sides of length sits at rest in a
frame with one edge parallel to the Therefore, in the cube
has volume Frame moves along the with a speed As
measured by an observer in frame what is the volume of the
metal cube?
37.51 ... The starships of the Solar Federation are marked with the
symbol of the federation, a circle, while starships of the Denebian
Empire are marked with the empire’s symbol, an ellipse whose
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37.31 . An electron is acted upon by a force of 
due to an electric field. Find the acceleration this force produces in
each case: (a) The electron’s speed is 1.00 km s. (b) The electron’s
speed is and the force is parallel to the velocity.
37.32 . Relativistic Baseball. Calculate the magnitude of the
force required to give a baseball an acceleration 

in the direction of the baseball’s initial velocity when
this velocity has a magnitude of (a) (b) (c) 
(d) Repeat parts (a), (b), and (c) if the force and acceleration are
perpendicular to the velocity.

Section 37.8 Relativistic Work and Energy
37.33 .. What is the speed of a particle whose kinetic energy is
equal to (a) its rest energy and (b) five times its rest energy?
37.34 . If a muon is traveling at 0.999c, what are its momentum
and kinetic energy? (The mass of such a muon at rest in the labora-
tory is 207 times the electron mass.)
37.35 . A proton (rest mass has total energy
that is 4.00 times its rest energy. What are (a) the kinetic energy of the
proton; (b) the magnitude of the momentum of the proton; (c) the
speed of the proton?
37.36 .. (a) How much work must be done on a particle with
mass to accelerate it (a) from rest to a speed of and 
(b) from a speed of to a speed of (Express the
answers in terms of ) (c) How do your answers in parts (a) and
(b) compare?
37.37 . CP (a) By what percentage does your rest mass increase
when you climb to the top of a ten-story building? Are you
aware of this increase? Explain. (b) By how many grams does the
mass of a spring with force constant change
when you compress it by Does the mass increase or
decrease? Would you notice the change in mass if you were hold-
ing the spring? Explain.
37.38 . A person is standing at rest on level ground. How
fast would she have to run to (a) double her total energy and (b)
increase her total energy by a factor of 10?
37.39 . An Antimatter Reactor. When a particle meets its
antiparticle, they annihilate each other and their mass is converted
to light energy. The United States uses approximately 
of energy per year. (a) If all this energy came from a futuristic anti-
matter reactor, how much mass of matter and antimatter fuel
would be consumed yearly? (b) If this fuel had the density of iron

and were stacked in bricks to form a cubical pile,
how high would it be? (Before you get your hopes up, antimatter
reactors are a long way in the future—if they ever will be feasible.)
37.40 .. Electrons are accelerated through a potential difference
of 750 kV, so that their kinetic energy is (a) What
is the ratio of the speed of an electron having this energy to the
speed of light, c? (b) What would the speed be if it were computed
from the principles of classical mechanics?
37.41 . A particle has rest mass and momentum

(a) What is the total energy (kinetic plus
rest energy) of the particle? (b) What is the kinetic energy of the
particle? (c) What is the ratio of the kinetic energy to the rest
energy of the particle?
37.42 .. A speck of dust is accelerated from rest to a
speed of by a constant N force. (a) If the non-
relativistic mechanics is used, how far does the object travel to
reach its final speed? (b) Using the correct relativistic treatment of
Section 37.8, how far does the object travel to reach its final
speed? (c) Which distance is greater? Why?
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2.50 * 108 m>s > 5.00 * 10-15 N 37.43 . Compute the kinetic energy of a proton (mass 
) using both the nonrelativistic and relativistic expressions,

and compute the ratio of the two results (relativistic divided by
nonrelativistic) for speeds of (a) and (b) 

37.44 . What is the kinetic energy of a proton moving at (a) 
(b) (c) How much work must be done to 
(d) increase the proton’s speed from to and 
(e) increase the proton’s speed from to (f ) How do
the last two results compare to results obtained in the nonrelativis-
tic limit?
37.45 . (a) Through what potential difference does an electron
have to be accelerated, starting from rest, to achieve a speed of

? (b) What is the kinetic energy of the electron at this speed?
Express your answer in joules and in electron volts.
37.46 . Creating a Particle. Two protons (each with rest mass

) are initially moving with equal speeds in
opposite directions. The protons continue to exist after a collision
that also produces an particle (see Chapter 44). The rest mass of
the is (a) If the two protons and the 
are all at rest after the collision, find the initial speed of the pro-
tons, expressed as a fraction of the speed of light. (b) What is the
kinetic energy of each proton? Express your answer in MeV. 
(c) What is the rest energy of the expressed in MeV? (d) Dis-
cuss the relationship between the answers to parts (b) and (c).
37.47 . The sun produces energy by nuclear fusion reactions, in
which matter is converted into energy. By measuring the amount
of energy we receive from the sun, we know that it is producing
energy at a rate of (a) How many kilograms of mat-
ter does the sun lose each second? Approximately how many tons
of matter is this (1 ton 2000 lbs)? (b) At this rate, how long
would it take the sun to use up all its mass?
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PROBLEMS
37.48 . Inside a spaceship flying past the earth at three-fourths
the speed of light, a pendulum is swinging. (a) If each swing takes
1.50 s as measured by an astronaut performing an experiment
inside the spaceship, how long will the swing take as measured by
a person at mission control on earth who is watching the experi-
ment? (b) If each swing takes 1.50 s as measured by a person at
mission control on earth, how long will it take as measured by the
astronaut in the spaceship?
37.49 . After being produced in a collision between elementary
particles, a positive pion must travel down a 1.90-km-long
tube to reach an experimental area. A particle has an average
lifetime (measured in its rest frame) of the we
are considering has this lifetime. (a) How fast must the travel if
it is not to decay before it reaches the end of the tube? (Since will
be very close to write and give your answer in
terms of rather than ) (b) The has a rest energy of

What is the total energy of the at the speed calcu-
lated in part (a)?
37.50 .. A cube of metal with sides of length sits at rest in a
frame with one edge parallel to the Therefore, in the cube
has volume Frame moves along the with a speed As
measured by an observer in frame what is the volume of the
metal cube?
37.51 ... The starships of the Solar Federation are marked with the
symbol of the federation, a circle, while starships of the Denebian
Empire are marked with the empire’s symbol, an ellipse whose
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major axis is 1.40 times longer
than its minor axis in 
Fig. P37.51). How fast, relative
to an observer, does an empire
ship have to travel for its mark-
ing to be confused with the
marking of a federation ship?
37.52 .. A space probe is sent
to the vicinity of the star Capella, which is 42.2 light-years from the
earth. (A light-year is the distance light travels in a year.) The probe
travels with a speed of An astronaut recruit on board is 
19 years old when the probe leaves the earth. What is her biological
age when the probe reaches Capella?
37.53 . A particle is said to be extremely relativistic when its
kinetic energy is much greater than its rest energy. (a) What is the
speed of a particle (expressed as a fraction of ) such that the total
energy is ten times the rest energy? (b) What is the percentage dif-
ference between the left and right sides of Eq. (37.39) if is
neglected for a particle with the speed calculated in part (a)?
37.54 .. Everyday Time Dilation. Two atomic clocks are
carefully synchronized. One remains in New York, and the other is
loaded on an airliner that travels at an average speed of 
and then returns to New York. When the plane returns, the elapsed
time on the clock that stayed behind is By how much will
the readings of the two clocks differ, and which clock will show
the shorter elapsed time? (Hint: Since you can simplify

by a binomial expansion.)
37.55 . The Large Hadron Collider (LHC). Physicists and
engineers from around the world have come together to build the
largest accelerator in the world, the Large Hadron Collider (LHC)
at the CERN Laboratory in Geneva, Switzerland. The machine will
accelerate protons to kinetic energies of 7 TeV in an underground
ring 27 km in circumference. (For the latest news and more informa-
tion on the LHC, visit www.cern.ch.) (a) What speed will protons
reach in the LHC? (Since is very close to write 
and give your answer in terms of ) (b) Find the relativistic mass,

of the accelerated protons in terms of their rest mass.
37.56 . CP A nuclear bomb containing of plutonium
explodes. The sum of the rest masses of the products of the explo-
sion is less than the original rest mass by one part in (a) How
much energy is released in the explosion? (b) If the explosion
takes place in what is the average power developed by the
bomb? (c) What mass of water could the released energy lift to a
height of 
37.57 . CP C̆erenkov Radiation. The Russian physicist P. A.
C̆erenkov discovered that a charged particle traveling in a solid
with a speed exceeding the speed of light in that material radiates
electromagnetic radiation. (This is analogous to the sonic boom
produced by an aircraft moving faster than the speed of sound in
air; see Section 16.9. C̆erenkov shared the 1958 Nobel Prize for this
discovery.) What is the minimum kinetic energy (in electron volts)
that an electron must have while traveling inside a slab of crown
glass in order to create this C̆erenkov radiation?
37.58 .. A photon with energy is emitted by an atom with 
mass which recoils in the opposite direction. (a) Assuming that the
motion of the atom can be treated nonrelativistically, compute the
recoil speed of the atom. (b) From the result of part (a), show that
the recoil speed is much less than whenever is much less than
the rest energy of the atom.
37.59 .. In an experiment, two protons are shot directly toward
each other, each moving at half the speed of light relative to the
laboratory. (a) What speed does one proton measure for the other
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proton? (b) What would be the answer to part (a) if we used only
nonrelativistic Newtonian mechanics? (c) What is the kinetic
energy of each proton as measured by (i) an observer at rest in the
laboratory and (ii) an observer riding along with one of the pro-
tons? (d) What would be the answers to part (c) if we used only
nonrelativistic Newtonian mechanics?
37.60 .. Two protons are moving away from each other. In the
frame of each proton, the other proton has a speed of . What
does an observer in the rest frame of the earth measure for the
speed of each proton?
37.61 .. Frame has an of velocity relative to
frame and at the two frames coincide (see Fig. 37.3).
A light pulse with a spherical wave front is emitted at the origin of

at time Its distance from the origin after a time is
given by Use the Lorentz coordinate transformation to
transform this equation to an equation in and and show that the
result is that is, the motion appears exactly the same in
frame of reference as it does in the wave front is observed to
be spherical in both frames.
37.62 . In certain radioactive beta decay processes, the beta parti-
cle (an electron) leaves the atomic nucleus with a speed of 99.95%
the speed of light relative to the decaying nucleus. If this nucleus is
moving at 75.00% the speed of light in the laboratory reference
frame, find the speed of the emitted electron relative to the labora-
tory reference frame if the electron is emitted (a) in the same direc-
tion that the nucleus is moving and (b) in the opposite direction
from the nucleus’s velocity. (c) In each case in parts (a) and (b), find
the kinetic energy of the electron as measured in (i) the laboratory
frame and (ii) the reference frame of the decaying nucleus.
37.63 .. CALC A particle with mass accelerated from rest by a
constant force will, according to Newtonian mechanics, continue
to accelerate without bound; that is, as Show that
according to relativistic mechanics, the particle’s speed approaches 

as [Note: A useful integral is
]

37.64 .. Two events are observed in a frame of reference to
occur at the same space point, the second occurring after the
first. In a second frame moving relative to the second event is
observed to occur after the first. What is the difference
between the positions of the two events as measured in 
37.65 ... Two events observed in a frame of reference have
positions and times given by and respectively. 
(a) Frame moves along the just fast enough that the two
events occur at the same position in Show that in the time
interval between the two events is given by 

where and Hence show that if
there is no frame in which the two events occur at

the same point. The interval is sometimes called the proper
time interval for the events. Is this term appropriate? (b) Show that
if there is a different frame of reference in which
the two events occur simultaneously. Find the distance between the
two events in express your answer in terms of and 
This distance is sometimes called a proper length. Is this term
appropriate? (c) Two events are observed in a frame of reference

to occur simultaneously at points separated by a distance of
In a second frame moving relative to along the line

joining the two points in the two events appear to be separated
by What is the time interval between the events as meas-
ured in [Hint: Apply the result obtained in part (b).]S?
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major axis is 1.40 times longer
than its minor axis in 
Fig. P37.51). How fast, relative
to an observer, does an empire
ship have to travel for its mark-
ing to be confused with the
marking of a federation ship?
37.52 .. A space probe is sent
to the vicinity of the star Capella, which is 42.2 light-years from the
earth. (A light-year is the distance light travels in a year.) The probe
travels with a speed of An astronaut recruit on board is 
19 years old when the probe leaves the earth. What is her biological
age when the probe reaches Capella?
37.53 . A particle is said to be extremely relativistic when its
kinetic energy is much greater than its rest energy. (a) What is the
speed of a particle (expressed as a fraction of ) such that the total
energy is ten times the rest energy? (b) What is the percentage dif-
ference between the left and right sides of Eq. (37.39) if is
neglected for a particle with the speed calculated in part (a)?
37.54 .. Everyday Time Dilation. Two atomic clocks are
carefully synchronized. One remains in New York, and the other is
loaded on an airliner that travels at an average speed of 
and then returns to New York. When the plane returns, the elapsed
time on the clock that stayed behind is By how much will
the readings of the two clocks differ, and which clock will show
the shorter elapsed time? (Hint: Since you can simplify

by a binomial expansion.)
37.55 . The Large Hadron Collider (LHC). Physicists and
engineers from around the world have come together to build the
largest accelerator in the world, the Large Hadron Collider (LHC)
at the CERN Laboratory in Geneva, Switzerland. The machine will
accelerate protons to kinetic energies of 7 TeV in an underground
ring 27 km in circumference. (For the latest news and more informa-
tion on the LHC, visit www.cern.ch.) (a) What speed will protons
reach in the LHC? (Since is very close to write 
and give your answer in terms of ) (b) Find the relativistic mass,

of the accelerated protons in terms of their rest mass.
37.56 . CP A nuclear bomb containing of plutonium
explodes. The sum of the rest masses of the products of the explo-
sion is less than the original rest mass by one part in (a) How
much energy is released in the explosion? (b) If the explosion
takes place in what is the average power developed by the
bomb? (c) What mass of water could the released energy lift to a
height of 
37.57 . CP C̆erenkov Radiation. The Russian physicist P. A.
C̆erenkov discovered that a charged particle traveling in a solid
with a speed exceeding the speed of light in that material radiates
electromagnetic radiation. (This is analogous to the sonic boom
produced by an aircraft moving faster than the speed of sound in
air; see Section 16.9. C̆erenkov shared the 1958 Nobel Prize for this
discovery.) What is the minimum kinetic energy (in electron volts)
that an electron must have while traveling inside a slab of crown
glass in order to create this C̆erenkov radiation?
37.58 .. A photon with energy is emitted by an atom with 
mass which recoils in the opposite direction. (a) Assuming that the
motion of the atom can be treated nonrelativistically, compute the
recoil speed of the atom. (b) From the result of part (a), show that
the recoil speed is much less than whenever is much less than
the rest energy of the atom.
37.59 .. In an experiment, two protons are shot directly toward
each other, each moving at half the speed of light relative to the
laboratory. (a) What speed does one proton measure for the other

mc2
Ec

m,
E

1n = 1.522

1.00 km?

4.00 ms,

104.

12.0 kg
m rel,

¢.
v = 11 - ¢2cc,v

v

21 - u2>c2
u V c,

4.00 h.

250 m>s
1mc222c

0.9930c.

1a = 1.40b
proton? (b) What would be the answer to part (a) if we used only
nonrelativistic Newtonian mechanics? (c) What is the kinetic
energy of each proton as measured by (i) an observer at rest in the
laboratory and (ii) an observer riding along with one of the pro-
tons? (d) What would be the answers to part (c) if we used only
nonrelativistic Newtonian mechanics?
37.60 .. Two protons are moving away from each other. In the
frame of each proton, the other proton has a speed of . What
does an observer in the rest frame of the earth measure for the
speed of each proton?
37.61 .. Frame has an of velocity relative to
frame and at the two frames coincide (see Fig. 37.3).
A light pulse with a spherical wave front is emitted at the origin of

at time Its distance from the origin after a time is
given by Use the Lorentz coordinate transformation to
transform this equation to an equation in and and show that the
result is that is, the motion appears exactly the same in
frame of reference as it does in the wave front is observed to
be spherical in both frames.
37.62 . In certain radioactive beta decay processes, the beta parti-
cle (an electron) leaves the atomic nucleus with a speed of 99.95%
the speed of light relative to the decaying nucleus. If this nucleus is
moving at 75.00% the speed of light in the laboratory reference
frame, find the speed of the emitted electron relative to the labora-
tory reference frame if the electron is emitted (a) in the same direc-
tion that the nucleus is moving and (b) in the opposite direction
from the nucleus’s velocity. (c) In each case in parts (a) and (b), find
the kinetic energy of the electron as measured in (i) the laboratory
frame and (ii) the reference frame of the decaying nucleus.
37.63 .. CALC A particle with mass accelerated from rest by a
constant force will, according to Newtonian mechanics, continue
to accelerate without bound; that is, as Show that
according to relativistic mechanics, the particle’s speed approaches 

as [Note: A useful integral is
]

37.64 .. Two events are observed in a frame of reference to
occur at the same space point, the second occurring after the
first. In a second frame moving relative to the second event is
observed to occur after the first. What is the difference
between the positions of the two events as measured in 
37.65 ... Two events observed in a frame of reference have
positions and times given by and respectively. 
(a) Frame moves along the just fast enough that the two
events occur at the same position in Show that in the time
interval between the two events is given by 

where and Hence show that if
there is no frame in which the two events occur at

the same point. The interval is sometimes called the proper
time interval for the events. Is this term appropriate? (b) Show that
if there is a different frame of reference in which
the two events occur simultaneously. Find the distance between the
two events in express your answer in terms of and 
This distance is sometimes called a proper length. Is this term
appropriate? (c) Two events are observed in a frame of reference

to occur simultaneously at points separated by a distance of
In a second frame moving relative to along the line

joining the two points in the two events appear to be separated
by What is the time interval between the events as meas-
ured in [Hint: Apply the result obtained in part (b).]S?
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major axis is 1.40 times longer
than its minor axis in 
Fig. P37.51). How fast, relative
to an observer, does an empire
ship have to travel for its mark-
ing to be confused with the
marking of a federation ship?
37.52 .. A space probe is sent
to the vicinity of the star Capella, which is 42.2 light-years from the
earth. (A light-year is the distance light travels in a year.) The probe
travels with a speed of An astronaut recruit on board is 
19 years old when the probe leaves the earth. What is her biological
age when the probe reaches Capella?
37.53 . A particle is said to be extremely relativistic when its
kinetic energy is much greater than its rest energy. (a) What is the
speed of a particle (expressed as a fraction of ) such that the total
energy is ten times the rest energy? (b) What is the percentage dif-
ference between the left and right sides of Eq. (37.39) if is
neglected for a particle with the speed calculated in part (a)?
37.54 .. Everyday Time Dilation. Two atomic clocks are
carefully synchronized. One remains in New York, and the other is
loaded on an airliner that travels at an average speed of 
and then returns to New York. When the plane returns, the elapsed
time on the clock that stayed behind is By how much will
the readings of the two clocks differ, and which clock will show
the shorter elapsed time? (Hint: Since you can simplify

by a binomial expansion.)
37.55 . The Large Hadron Collider (LHC). Physicists and
engineers from around the world have come together to build the
largest accelerator in the world, the Large Hadron Collider (LHC)
at the CERN Laboratory in Geneva, Switzerland. The machine will
accelerate protons to kinetic energies of 7 TeV in an underground
ring 27 km in circumference. (For the latest news and more informa-
tion on the LHC, visit www.cern.ch.) (a) What speed will protons
reach in the LHC? (Since is very close to write 
and give your answer in terms of ) (b) Find the relativistic mass,

of the accelerated protons in terms of their rest mass.
37.56 . CP A nuclear bomb containing of plutonium
explodes. The sum of the rest masses of the products of the explo-
sion is less than the original rest mass by one part in (a) How
much energy is released in the explosion? (b) If the explosion
takes place in what is the average power developed by the
bomb? (c) What mass of water could the released energy lift to a
height of 
37.57 . CP C̆erenkov Radiation. The Russian physicist P. A.
C̆erenkov discovered that a charged particle traveling in a solid
with a speed exceeding the speed of light in that material radiates
electromagnetic radiation. (This is analogous to the sonic boom
produced by an aircraft moving faster than the speed of sound in
air; see Section 16.9. C̆erenkov shared the 1958 Nobel Prize for this
discovery.) What is the minimum kinetic energy (in electron volts)
that an electron must have while traveling inside a slab of crown
glass in order to create this C̆erenkov radiation?
37.58 .. A photon with energy is emitted by an atom with 
mass which recoils in the opposite direction. (a) Assuming that the
motion of the atom can be treated nonrelativistically, compute the
recoil speed of the atom. (b) From the result of part (a), show that
the recoil speed is much less than whenever is much less than
the rest energy of the atom.
37.59 .. In an experiment, two protons are shot directly toward
each other, each moving at half the speed of light relative to the
laboratory. (a) What speed does one proton measure for the other
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proton? (b) What would be the answer to part (a) if we used only
nonrelativistic Newtonian mechanics? (c) What is the kinetic
energy of each proton as measured by (i) an observer at rest in the
laboratory and (ii) an observer riding along with one of the pro-
tons? (d) What would be the answers to part (c) if we used only
nonrelativistic Newtonian mechanics?
37.60 .. Two protons are moving away from each other. In the
frame of each proton, the other proton has a speed of . What
does an observer in the rest frame of the earth measure for the
speed of each proton?
37.61 .. Frame has an of velocity relative to
frame and at the two frames coincide (see Fig. 37.3).
A light pulse with a spherical wave front is emitted at the origin of

at time Its distance from the origin after a time is
given by Use the Lorentz coordinate transformation to
transform this equation to an equation in and and show that the
result is that is, the motion appears exactly the same in
frame of reference as it does in the wave front is observed to
be spherical in both frames.
37.62 . In certain radioactive beta decay processes, the beta parti-
cle (an electron) leaves the atomic nucleus with a speed of 99.95%
the speed of light relative to the decaying nucleus. If this nucleus is
moving at 75.00% the speed of light in the laboratory reference
frame, find the speed of the emitted electron relative to the labora-
tory reference frame if the electron is emitted (a) in the same direc-
tion that the nucleus is moving and (b) in the opposite direction
from the nucleus’s velocity. (c) In each case in parts (a) and (b), find
the kinetic energy of the electron as measured in (i) the laboratory
frame and (ii) the reference frame of the decaying nucleus.
37.63 .. CALC A particle with mass accelerated from rest by a
constant force will, according to Newtonian mechanics, continue
to accelerate without bound; that is, as Show that
according to relativistic mechanics, the particle’s speed approaches 

as [Note: A useful integral is
]

37.64 .. Two events are observed in a frame of reference to
occur at the same space point, the second occurring after the
first. In a second frame moving relative to the second event is
observed to occur after the first. What is the difference
between the positions of the two events as measured in 
37.65 ... Two events observed in a frame of reference have
positions and times given by and respectively. 
(a) Frame moves along the just fast enough that the two
events occur at the same position in Show that in the time
interval between the two events is given by 

where and Hence show that if
there is no frame in which the two events occur at

the same point. The interval is sometimes called the proper
time interval for the events. Is this term appropriate? (b) Show that
if there is a different frame of reference in which
the two events occur simultaneously. Find the distance between the
two events in express your answer in terms of and 
This distance is sometimes called a proper length. Is this term
appropriate? (c) Two events are observed in a frame of reference

to occur simultaneously at points separated by a distance of
In a second frame moving relative to along the line

joining the two points in the two events appear to be separated
by What is the time interval between the events as meas-
ured in [Hint: Apply the result obtained in part (b).]S?
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(b) 0 2

1 (75.0 s) 435 s
1 (0.985)

t tγ µ µ∆ = ∆ = =
−

 

EVALUATE:   The pulse lasts for a shorter time relative to the rocket than it does relative to the Mars 
observer. 

 37.5. (a) IDENTIFY and SET UP:   8 7
0 2.60 10 s; 4.20 10 s.t t− −∆ = × ∆ = ×  In the lab frame the pion is created and 

decays at different points, so this time is not the proper time. 

EXECUTE:   
22

0 0
22 2

says1
1 /

t u tt
tcu c

∆ ∆⎛ ⎞∆ = − = ⎜ ⎟∆⎝ ⎠−
 

22 8
0

7
2 60 10 s1 1 0 998; 0 998
4 20 10 s

u t u c
c t

−

−
⎛ ⎞∆ . ×⎛ ⎞= − = − = . = .⎜ ⎟⎜ ⎟ ⎜ ⎟∆ . ×⎝ ⎠ ⎝ ⎠

 

EVALUATE:   ,u c<  as it must be, but /u c  is close to unity and the time dilation effects are large. 
(b) IDENTIFY and SET UP:   The speed in the laboratory frame is 0.998 ;u c=  the time measured in this 
frame is ,t∆  so the distance as measured in this frame is .d u t= ∆  

EXECUTE:   8 7(0 998)(2 998 10 m/s)(4 20 10 s) 126 md −= . . × . × =  
EVALUATE:   The distance measured in the pion’s frame will be different because the time measured in the 
pion’s frame is different (shorter). 

 37.6. IDENTIFY:   Apply Eq. (37.8). 
SET UP:   For part (a) the proper time is measured by the race pilot. 1.667.γ =  

EXECUTE:   (a) 
8

08
1.20 10  m 0.500 s0.500 s.  0.300 s.

1.667(0.800)(3.00 10  m/s)
tt t

γ
× ∆∆ = = ∆ = = =

×
 

(b) 7(0.300 s)(0.800 ) 7.20 10 m.c = ×  

(c) You read 
8

8
1 20 10 m 0 500 s.

(0 800)(3 10 m/s)
. × = .

. ×
 

EVALUATE:   The two events are the spaceracer passing you and the spaceracer reaching a point 
81.20 10 m×  from you. The timer traveling with the spaceracer measures the proper time between these 

two events. 
 37.7. IDENTIFY and SET UP:   A clock moving with respect to an observer appears to run more slowly than a 

clock at rest in the observer’s frame. The clock in the spacecraft measurers the proper time 0.t∆  
365 days 8760 hours.t∆ = =  

EXECUTE:   The clock on the moving spacecraft runs slow and shows the smaller elapsed time. 
2 2 6 8 2

0 1 / (8760 h) 1 (4.80 10 /3.00 10 ) 8758.88 h.t t u c∆ = ∆ − = − × × =  The difference in elapsed times is 
8760 h 8758.88 h 1.12 h.− =  

 37.8. IDENTIFY and SET UP:   The proper time is measured in the frame where the two events occur at the same 
point. 
EXECUTE:   (a) The time of 12.0 ms measured by the first officer on the craft is the proper time. 

(b) 0
2 21 /

tt
u c

∆∆ =
−

 gives 2 3 2
01 ( / ) 1 (12 0 10 /0 190) 0 998 .u c t t c c−= − ∆ ∆ = − . × . = .  

EVALUATE:   The observer at rest with respect to the searchlight measures a much shorter duration  
for the event. 

 37.9. IDENTIFY and SET UP:   2 2
0 1 / .l l u c= −  The length measured when the spacecraft is moving is 

074.0 m;l l=  is the length measured in a frame at rest relative to the spacecraft. 

EXECUTE:   0 2 2 2

74 0 m 92 5 m
1 / 1 (0 600 / )

ll
u c c c

.= = = . .
− − .
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81.20 10 m×  from you. The timer traveling with the spaceracer measures the proper time between these 

two events. 
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37.21.  IDENTIFY:   The relativistic velocity addition formulas apply since the speeds are close to that of light. 

SET UP:   The relativistic velocity addition formula is 

2

.
1
x

x
x

v uv uv
c

−′ =
−

 

EXECUTE:   In the relativistic velocity addition formula for this case, xv′  is the relative speed of particle  
1 with respect to particle 2, v is the speed of particle 2 measured in the laboratory, and u is the speed of 
particle 1 measured in the laboratory, .u v= −  

2 2 2
( ) 2 .

1 ( ) / 1 /x
v v vv
v v c v c

− −′ = =
− − +

 2
2 2 0x

x
v v v v
c
′ ′− + =  and 2 2 3(0.890 ) 2 (0.890 ) 0.c v c v c− + =  

This is a quadratic equation with solution 0.611 ( must be less than ).v c v c=  
EVALUATE:   The nonrelativistic result would be 0.445c, which is considerably different from this result. 

 37.22. IDENTIFY and SET UP:   Let the starfighter’s frame be S and let the enemy spaceship’s frame be .S′  Let the 
positive x-direction for both frames be from the enemy spaceship toward the starfighter. Then 0.400 .u c= +  

0 700 .v c′ = + .  v is the velocity of the missile relative to you. 

EXECUTE:   (a) 2
0 700 0 400 0 859

1 (0 400)(0 700)1 /
v u c cv c
uv c
′ + . + .= = = .

+ . .′+
 

(b) Use the distance it moves as measured in your frame and the speed it has in your frame to calculate the 

time it takes in your frame. 
9

8
8 00 10 m 31 0 s.

(0 859)(3 00 10 m/s)
t . ×= = .

. . ×
 

 37.23. IDENTIFY and SET UP:   The reference frames are shown in Figure 37.23. 
 

 Arrakis frameS =  
spaceship frameS′ =   

The object is the rocket. 

Figure 37.23   
 

u is the velocity of the spaceship relative to Arrakis. 
0.360 ; 0.920x xv c v c′= + = +  

(In each frame the rocket is moving in the positive coordinate direction.) 

Use the Lorentz velocity transformation equation, Eq. (37.22): 2 .
1 /

x
x

x

v uv
uv c

−′ =
−

 

EXECUTE:   2 2 2so and 1
1 /

x x x x x
x x x x x

x

v u v v v vv v u v u u v v
uv c c c

′ ′− ⎛ ⎞ ⎛ ⎞′ ′ ′= − = − − = −⎜ ⎟ ⎜ ⎟− ⎝ ⎠ ⎝ ⎠
 

2 2
0 360 0 920 0 560 0 837

0 66881 / 1 (0 360 )(0 920 )/
x x

x x

v v c c cu c
v v c c c c

′− . − . .= = = − = − .
.′− − . .

 

The speed of the spacecraft relative to Arrakis is 80.837 2.51 10 m/s.c = ×  The minus sign in our result for 
u means that the spacecraft is moving in the –x-direction, so it is moving away from Arrakis. 
EVALUATE:   The incorrect Galilean expression also says that the spacecraft is moving away from Arrakis, 
but with speed 0.920 0.360 0.560 .c c c− =  

 37.24. IDENTIFY:   There is a Doppler effect in the frequency of the radiation due to the motion of the star. 

SET UP:   The star is moving away from the earth, so 0 .c uf f
c u

−=
+

 

EXECUTE:   14 14
0 0

0.600 0.500 (0.500)(8.64 10 Hz) 4.32 10 Hz.
0.600

c cf f f
c c

−= = = × = ×
+
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EVALUATE:   The earth observer measures a lower frequency than the star emits because the star is moving 
away from the earth. 

 37.25. IDENTIFY and SET UP:   Source and observer are approaching, so use Eq. (37.25): 0.c uf f
c u

+=
−

 Solve  

for u, the speed of the light source relative to the observer. 

(a) EXECUTE:   2 2
0

c uf f
c u

+⎛ ⎞= ⎜ ⎟−⎝ ⎠
 

2 2 2
2 2 0 0

0 2 2 2
0 0

( ) ( / ) 1( ) ( ) and
( / ) 1

c f f f fc u f c u f u c
f f f f

⎛ ⎞− −− = + = = ⎜ ⎟⎜ ⎟+ +⎝ ⎠
 

0 675 nm,λ =  575 nmλ =  
2

8 7
2

(675 nm/575 nm) 1 0 159 (0 159)(2 998 10 m/s) 4 77 10 m/s;
(675 nm/575 nm) 1

u c c
⎛ ⎞−= = . = . . × = . ×⎜ ⎟⎜ ⎟+⎝ ⎠

 definitely speeding 

(b) 7 7 84 77 10 m/s (4 77 10 m/s)(1 km/1000 m)(3600 s/1 h) 1 72 10 km/h.. × = . × = . ×  Your fine would be 
8$1.72 10×  (172 million dollars). 

EVALUATE:   The source and observer are approaching, so 0 0and .f f λ λ> <  Our result gives ,u c<  as  
it must. 

 37.26. IDENTIFY:   There is a Doppler effect in the frequency of the radiation due to the motion of the source. 

SET UP:   0f f>  so the source is moving toward you. 0 .c uf f
c u

+=
−

 

EXECUTE:   2
0( / ) .c uf f

c u
+=
−

 2 2
0 0( / ) ( / ) .c f f f f u c u− = +   

2 2
0

2 2
0

[( / ) 1] (1 25) 1 0 220 ,
( / ) 1 (1 25) 1
c f fu c c
f f

⎡ ⎤− . −= = = .⎢ ⎥
+ . +⎢ ⎥⎣ ⎦

 toward you. 

EVALUATE:   The difference in frequency is rather large (1.25 times), so the motion of the source must be a 
substantial fraction of the speed of light (around 20% in this case). 

 37.27. IDENTIFY:   The speed of the proton is a substantial fraction of the speed of light, so we must use the 
relativistic formula for momentum. 

SET UP:   .p mvγ=  0 0 0.p mvγ=  
0 0 0

.p v
p v

γ
γ

=  0/ 2.00.v v =  

EXECUTE:   0 2 2 2
0

1 1 1.0911.
1 / 1 (0.400)v c

γ = = =
− −

 
2

1 1.667.
1 (0.800)

γ = =
−

 

0 0
1.667(2) 3.06 .
1.091

p p p⎛ ⎞= =⎜ ⎟
⎝ ⎠

 

EVALUATE:   The speed doubles but the momentum more than triples. 

 37.28. IDENTIFY and SET UP:   
2 2

1 .
1 /v c

γ =
−

 If γ  is 1.0% greater than 1 then 1.010,γ =  if γ  is 10% greater 

than 1 then 1.10γ =  and if γ  is 100% greater than 1 then 2.00.γ =  

EXECUTE:   21 1/v c γ= −  

(a) 21 1/(1.010) 0.140v c c= − =  

(b) 21 1/(1.10) 0.417v c c= − =  

(c) 21 1/(2.00) 0.866v c c= − =  
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37.29.  IDENTIFY:   Apply Eqs. (37.27) and (37.32). 
SET UP:   For a particle at rest (or with v c� ), / .a F m=  

EXECUTE:   (a) 
2 2

2 .
1 /

mvp mv
v c

= =
−

 

2
2 2 2 2

2

1 3 3
1 2 1 / 1 0.866 .

4 4 2

vv c v c v c c
c

⇒ = − ⇒ = −  ⇒ = ⇒ = =  

(b) 3 3 1/3 2/3 2/3

2 2

1
2 2 (2) so 2 1 2 0.608.

1 /

vF ma ma
cv c

γ γ γ −= = ⇒ = ⇒ = = ⇒ = − =
−

 

EVALUATE:   The momentum of a particle and the force required to give it a given acceleration both 

increase without bound as the speed of the particle approaches c. 
 37.30. IDENTIFY:   The speed of the proton is a substantial fraction of the speed of light, so we must use the 

relativistic form of Newton’s second law. 

SET UP:   
G
F  and 

Gv  are along the same line, so 
2 2 3/2

.
(1 / )

maF
v c

=
−

 

EXECUTE:   (a) 
27 8 2

18

2 2 3/2 8 8 2 3/2

(1.67 10 kg)(2.30 10 m/s )
1.45 10 N;

(1 / ) [1 (2.30 10 /3.00 10 ) ]

maF
v c

−
−× ×= = = ×

− − × ×
 -direction.x−  

(b) 
18

8 2

27

1.45 10 N
8.69 10 m/s .

1.67 10 kg

Fa
m

−

−
×= = = ×
×

 

EVALUATE:   The acceleration in part (b) is much greater than the acceleration given in the problem 

because the proton starting at rest is not relativistic. 

 37.31. IDENTIFY:   When the speed of the electron is close to the speed of light, we must use the relativistic form 

of Newton’s second law. 

SET UP:   When the force and velocity are parallel, as in part (b), 
2 2 3/2

.
(1 / )

maF
v c

=
−

 In part (a), v c�   

so .F ma=  

EXECUTE:   (a) 
15

15 2

31

5.00 10 N
5.49 10 m/s .

9.11 10 kg

Fa
m

−

−
×= = = ×
×

 

(b) 
2 2 1/2 8 8 2 1/2

1 1
1.81.

(1 / ) (1 [2.50 10 /3.00 10 ] )v c
γ = = =

− − × ×
 

15 2
14 2

3 3

5.49 10 m/s
9.26 10 m/s .

(1.81)

Fa
mγ

×= = = ×  

EVALUATE:   The acceleration for low speeds is over 5 times greater than it is near the speed of light as in part (b). 

 37.32. IDENTIFY and SET UP:   The force is found from Eq. (37.32) or Eq. (37.33). 

EXECUTE:   (a) Indistinguishable from 0.145 N.F ma= =  

(b) 3 1.75 N.maγ =  

(c) 3 51.7 N.maγ =  

(d) 0.145 N,maγ = 0.333 N,1.03 N.  

EVALUATE:   When v is large, much more force is required to produce a given magnitude of acceleration 

when the force is parallel to the velocity than when the force is perpendicular to the velocity. 

 37.33. IDENTIFY:   Apply Eq. (37.36). 

SET UP:   The rest energy is 2.mc  

EXECUTE:   (a) 
2

2 2

2 21 /

mcK mc mc
v c

= − =
−

 

2

22 2

1 1 3
2 1 0.866 .

4 41 /

v v c c
cv c

⇒ = ⇒ = − ⇒ = =
−
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37.29.  IDENTIFY:   Apply Eqs. (37.27) and (37.32). 
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EVALUATE:   The momentum of a particle and the force required to give it a given acceleration both 

increase without bound as the speed of the particle approaches c. 
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EVALUATE:   The acceleration in part (b) is much greater than the acceleration given in the problem 

because the proton starting at rest is not relativistic. 

 37.31. IDENTIFY:   When the speed of the electron is close to the speed of light, we must use the relativistic form 

of Newton’s second law. 

SET UP:   When the force and velocity are parallel, as in part (b), 
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EVALUATE:   The acceleration for low speeds is over 5 times greater than it is near the speed of light as in part (b). 

 37.32. IDENTIFY and SET UP:   The force is found from Eq. (37.32) or Eq. (37.33). 

EXECUTE:   (a) Indistinguishable from 0.145 N.F ma= =  

(b) 3 1.75 N.maγ =  

(c) 3 51.7 N.maγ =  

(d) 0.145 N,maγ = 0.333 N,1.03 N.  

EVALUATE:   When v is large, much more force is required to produce a given magnitude of acceleration 

when the force is parallel to the velocity than when the force is perpendicular to the velocity. 

 37.33. IDENTIFY:   Apply Eq. (37.36). 

SET UP:   The rest energy is 2.mc  
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(b) 
2

2
22 2

1 1 355 6 1 0.986 .
36 361 /

vK mc v c c
cv c

= ⇒ = ⇒ = − ⇒ = =
−

 

EVALUATE:   If ,v c�  then K is much less than the rest energy of the particle. 
 37.34. IDENTIFY:   At such a high speed, we must use the relativistic formulas for momentum and kinetic energy. 

SET UP:   28
e207 1.89 10 kg.m mµ

−= = ×  v is very close to c and we must use relativistic expressions. 

2 2
,

1 /

mvp
v c

=
−

 
2

2
2 2

.
1 /

mcK mc
v c

= −
−

 

EXECUTE:   
28 8

18
2 2 2

(1.89 10 kg)(0.999)(3.00 10 m/s) 1.27 10 kg m/s.
1 / 1 (0.999)

mvp
v c

−
−× ×= = = × ⋅

− −
  

Using 
2

2
2 21 /

mcK mc
v c

= −
−

 gives  

28 8 2 10
2

1(1.89 10 kg)(3.00 10 m/s) 1 3.63 10 J.
1 (0.999)

K − −
⎛ ⎞
⎜ ⎟= × × − = ×
⎜ ⎟−⎝ ⎠

 

EVALUATE:   The nonrelativistic values are 20
nr 5.66 10 kg m/sp mv −= = × ⋅  and 

2 121
nr 2 8.49 10 J.K mv −= = ×  Each relativistic result is much larger. 

 37.35. IDENTIFY and SET UP:   Use Eqs. (37.38) and (37.39). 
EXECUTE:   (a) 2 2 2 10, so 4.00 means 3.00 4.50 10 JE mc K E mc K mc −= + = = = ×  

(b) 2 2 2 2( ) ( ) ;E mc pc= +  2 2 2 24.00 , so 15.0( ) ( )E mc mc pc= =  
1815 1.94 10 kg m/sp mc −= = × ⋅  

(c) 2 2 2/ 1 /E mc v c= −  
2 2 24.00 gives1 / 1/16 and 15/16 0.968E mc v c v c c= − = = =  

EVALUATE:   The speed is close to c since the kinetic energy is greater than the rest energy. Nonrelativistic 
expressions relating E, K, p and v will be very inaccurate. 

 37.36. IDENTIFY:   Apply the work energy theorem in the form .W K= ∆  
SET UP:   K is given by Eq. (37.36).  When 0,v = 1.γ =  

EXECUTE:   (a) 2 3 2
f( 1) (4.07 10 ) .W K mc mcγ −= ∆ = − = ×  

(b) 2 2
f i( ) 4.79 .mc mcγ γ− =  

(c) The result of part (b) is far larger than that of part (a). 
EVALUATE:   The amount of work required to produce a given increase in speed (in this case an increase of 
0 090 )c.  increases as the initial speed increases. 

 37.37. IDENTIFY:   Use 2E mc=  to relate the mass increase to the energy increase. 
(a) SET UP:   Your total energy E increases because your gravitational potential energy mgy increases. 
EXECUTE:   E mg y∆ = ∆  

2 2 2

2 2 8 2 13

( ) so / ( )/

/ ( )/ (9 80 m/s )(30m)/(2 998 10 m/s) 3 3 10 %

E m c m E c mg y c

m m g y c −

∆ = ∆ ∆ = ∆ = ∆

∆ = ∆ = . . × = . ×
 

This increase is much, much too small to be noticed. 
(b) SET UP:   The energy increases because potential energy is stored in the compressed spring. 
EXECUTE:   2 4 21 1

2 2 (2 00 10 N/m)(0 060 m) 36 0 JE U kx∆ = ∆ = = . × . = .  
2 16( )/ 4 0 10 kgm E c −∆ = ∆ = . ×  

Energy increases so mass increases. The mass increase is much, much too small to be noticed. 
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(d) 11 13 112 32 10 J 7 56 10 J 2 24 10 J 140 MeVE − − −∆ = . × − . × = . × =  

(e) 10 11 101 94 10 J 2 32 10 J 1 71 10 J 1070 MeVE − − −∆ = . × − . × = . × =  

(f) Without relativity, 21 .
2

K mv=  The work done in accelerating a proton from 0.100c to 0.500c in the 

nonrelativistic limit is 2 2 111 1(0 500 ) (0 100 ) 1 81 10 J 113 MeV.
2 2

E m c m c −∆ = . − . = . × =  

The work done in accelerating a proton from 0.500c to 0.900c in the nonrelativistic limit is 

2 2 111 1(0 900 ) (0 500 ) 4 21 10 J 263 MeV.
2 2

E m c m c −∆ = . − . = . × =  

EVALUATE:   We see in the first case the nonrelativistic result is within 20% of the relativistic result. In the 
second case, the nonrelativistic result is very different from the relativistic result since the velocities are 
closer to c. 

 37.45. IDENTIFY and SET UP:   Use Eq. (23.12) and conservation of energy to relate the potential difference to the 
kinetic energy gained by the electron. Use Eq. (37.36) to calculate the kinetic energy from the speed. 
EXECUTE:   (a) K q V e V= ∆ = ∆  

2 2 13
2 2

1 1 4.025 3.295 10 J 2.06 MeV
1 /

K mc mc
v c

−⎛ ⎞
= − = = × =⎜ ⎟⎜ ⎟−⎝ ⎠

 

6/ 2.06 10 VV K e∆ = = ×  

(b) From part (a), 133.30 10 J 2.06 MeVK −= × =  
EVALUATE:   The speed is close to c and the kinetic energy is four times the rest mass. 

 37.46. IDENTIFY:   The total energy is conserved in the collision. 
SET UP:   Use Eq. (37.38) for the total energy. Since all three particles are at rest after the collision, the 
final total energy is 2 22 .Mc mc+  The initial total energy of the two protons is 22 .Mcγ  

EXECUTE:   (a) 2 2 2 9.752 2 1 1 1.292.
2 2(16.7)
mMc mc Mc
M

γ γ+ = ⇒ = + = + =  

Note that since 
2 2

1 ,
1 /v c

γ =
−

 we have that 2 2
1 11 1 0.6331.

(1.292)
v
c γ

= − = − =  

(b) According to Eq. (37.36), the kinetic energy of each proton is 

2 27 8 2
13

1.00 MeV( 1) (1.292 1)(1.67 10 kg)(3.00 10 m/s) 274 MeV.
1.60 10 J

K Mcγ −
−

⎛ ⎞
= − = − × × =⎜ ⎟⎜ ⎟×⎝ ⎠

 

(c) The rest energy of 0η  is 2 28 8 2
13

1.00 MeV(9.75 10 kg)(3.00 10 m/s) 548 MeV.
1.60 10 J

mc −
−

⎛ ⎞
= × × =⎜ ⎟⎜ ⎟×⎝ ⎠

 

EVALUATE:   (d) The kinetic energy lost by the protons is the energy that produces the 0,η  
548 MeV 2(274 MeV).=  

 37.47. IDENTIFY:   Use 2E mc=  to relate the mass decrease to the energy produced. 
SET UP:   1 kg is equivalent to 2.2 lbs and 1 ton 2000 lbs.=  1 W 1 J/s.=  

EXECUTE:   (a) 2 2 26 8 2 9 6, / (3 8 10 J)/(2 998 10 m/s) 4 2 10 kg 4 6 10 tons.E mc m E c= = = . × . × = . × = . ×  

(b) The current mass of the sun is 301.99 10 kg,×  so it would take it 
30 9 20 13(1 99 10 kg)/(4 2 10 kg/s) 4 7 10 s 1 5 10 years. × . × = . × = . ×  to use up all its mass. 

EVALUATE:   The power output of the sun is very large, but only a small fraction of the sun’s mass is 
converted to energy each second. 

 37.48. IDENTIFY and SET UP:   The astronaut in the spaceship measures the proper time, since the end of a swing 

occurs at the same location in his frame. 0
2 2

.
1 /

tt
u c

∆∆ =
−
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(d) 11 13 112 32 10 J 7 56 10 J 2 24 10 J 140 MeVE − − −∆ = . × − . × = . × =  

(e) 10 11 101 94 10 J 2 32 10 J 1 71 10 J 1070 MeVE − − −∆ = . × − . × = . × =  

(f) Without relativity, 21 .
2

K mv=  The work done in accelerating a proton from 0.100c to 0.500c in the 

nonrelativistic limit is 2 2 111 1(0 500 ) (0 100 ) 1 81 10 J 113 MeV.
2 2

E m c m c −∆ = . − . = . × =  

The work done in accelerating a proton from 0.500c to 0.900c in the nonrelativistic limit is 

2 2 111 1(0 900 ) (0 500 ) 4 21 10 J 263 MeV.
2 2

E m c m c −∆ = . − . = . × =  

EVALUATE:   We see in the first case the nonrelativistic result is within 20% of the relativistic result. In the 
second case, the nonrelativistic result is very different from the relativistic result since the velocities are 
closer to c. 

 37.45. IDENTIFY and SET UP:   Use Eq. (23.12) and conservation of energy to relate the potential difference to the 
kinetic energy gained by the electron. Use Eq. (37.36) to calculate the kinetic energy from the speed. 
EXECUTE:   (a) K q V e V= ∆ = ∆  

2 2 13
2 2

1 1 4.025 3.295 10 J 2.06 MeV
1 /

K mc mc
v c

−⎛ ⎞
= − = = × =⎜ ⎟⎜ ⎟−⎝ ⎠

 

6/ 2.06 10 VV K e∆ = = ×  

(b) From part (a), 133.30 10 J 2.06 MeVK −= × =  
EVALUATE:   The speed is close to c and the kinetic energy is four times the rest mass. 

 37.46. IDENTIFY:   The total energy is conserved in the collision. 
SET UP:   Use Eq. (37.38) for the total energy. Since all three particles are at rest after the collision, the 
final total energy is 2 22 .Mc mc+  The initial total energy of the two protons is 22 .Mcγ  

EXECUTE:   (a) 2 2 2 9.752 2 1 1 1.292.
2 2(16.7)
mMc mc Mc
M

γ γ+ = ⇒ = + = + =  

Note that since 
2 2

1 ,
1 /v c

γ =
−

 we have that 2 2
1 11 1 0.6331.

(1.292)
v
c γ

= − = − =  

(b) According to Eq. (37.36), the kinetic energy of each proton is 

2 27 8 2
13

1.00 MeV( 1) (1.292 1)(1.67 10 kg)(3.00 10 m/s) 274 MeV.
1.60 10 J

K Mcγ −
−

⎛ ⎞
= − = − × × =⎜ ⎟⎜ ⎟×⎝ ⎠

 

(c) The rest energy of 0η  is 2 28 8 2
13

1.00 MeV(9.75 10 kg)(3.00 10 m/s) 548 MeV.
1.60 10 J

mc −
−

⎛ ⎞
= × × =⎜ ⎟⎜ ⎟×⎝ ⎠

 

EVALUATE:   (d) The kinetic energy lost by the protons is the energy that produces the 0,η  
548 MeV 2(274 MeV).=  

 37.47. IDENTIFY:   Use 2E mc=  to relate the mass decrease to the energy produced. 
SET UP:   1 kg is equivalent to 2.2 lbs and 1 ton 2000 lbs.=  1 W 1 J/s.=  

EXECUTE:   (a) 2 2 26 8 2 9 6, / (3 8 10 J)/(2 998 10 m/s) 4 2 10 kg 4 6 10 tons.E mc m E c= = = . × . × = . × = . ×  

(b) The current mass of the sun is 301.99 10 kg,×  so it would take it 
30 9 20 13(1 99 10 kg)/(4 2 10 kg/s) 4 7 10 s 1 5 10 years. × . × = . × = . ×  to use up all its mass. 

EVALUATE:   The power output of the sun is very large, but only a small fraction of the sun’s mass is 
converted to energy each second. 

 37.48. IDENTIFY and SET UP:   The astronaut in the spaceship measures the proper time, since the end of a swing 

occurs at the same location in his frame. 0
2 2

.
1 /

tt
u c

∆∆ =
−
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EXECUTE:   (a) 0 1.50 s.t∆ =  0
2 2 2

1.50 s
2.27 s.

1 / 1 (0.75 / )

tt
u c c c

∆∆ = = =
− −

 

(b) 1.50 s.t∆ =  2 2 2
0 1 / (1 50 s) 1 (0 75 ) 0 992 s.t t u c c/c∆ = ∆ − = . − . = .  

EVALUATE:   The motion of the spaceship makes a considerable difference in the measured values for the 
period of the pendulum! 

 37.49. (a) IDENTIFY and SET UP:   8
0 2 60 10 st −∆ = . ×  is the proper time, measured in the pion’s frame. The time 

measured in the lab must satisfy ,d c t= ∆  where .u c≈  Calculate t∆  and then use Eq. (37.6) to calculate u. 

EXECUTE:   
3

6
8

1 90 10 m
6 3376 10 s.

2 998 10 m/s

dt
c

−. ×∆ = = = . ×
. ×

 0
2 21 /

tt
u c

∆∆ =
−

 so 2 2 1/2 0(1 / )
tu c
t

∆− =
∆

 and 

2
2 2 0(1 / ) .

tu c
t

∆⎛ ⎞− = ⎜ ⎟∆⎝ ⎠
 Write (1 )u c= − ∆  so that 2 2 2( / ) (1 ) 1 2 1 2u c = − ∆ = − ∆ + ∆ ≈ − ∆  since ∆  is small. 

Using this in the above gives 
2

01 (1 2 ) .
t
t

∆⎛ ⎞− − ∆ = ⎜ ⎟∆⎝ ⎠
 

22 8
60

6
1 1 2 60 10  s

8 42 10 .
2 2 6 3376 10  s

t
t

−
−

−
⎛ ⎞∆ . ×⎛ ⎞∆ = = = . ×⎜ ⎟⎜ ⎟ ⎜ ⎟∆ . ×⎝ ⎠ ⎝ ⎠

 

EVALUATE:   An alternative calculation is to say that the length of the tube must contract relative to the 
moving pion so that the pion travels that length before decaying. The contracted length must be 

8 8
0 (2.998 10 m/s)(2.60 10 s) 7.7948 m.l c t −= ∆ = × × =  2 2

0 1 /l l u c= −  so 
2

2 2

0
1 / .

lu c
l

⎛ ⎞
− = ⎜ ⎟

⎝ ⎠
 Then 

(1 )u c= − ∆  gives 
22

6
3

0

1 1 7.7948 m
8.42 10 ,

2 2 1.90 10 m

l
l

−⎛ ⎞⎛ ⎞
∆ = = = ×⎜ ⎟⎜ ⎟ ⎜ ⎟×⎝ ⎠ ⎝ ⎠

 which checks. 

(b) IDENTIFY and SET UP:   2E mcγ=  Eq. (37.38). 

EXECUTE:   
2 2 6

1 1 1
244.

21 / 2(8.42 10 )u c
γ

−
= = = =

∆− ×
 

4(244)(139 6 MeV) 3 40 10 MeV 34 0 GeV.E = . = . × = .  

EVALUATE:   The total energy is 244 times the rest energy. 
 37.50. IDENTIFY and SET UP:   The proper length of a side is 0 .l a=  The side along the direction of motion is 

shortened to 2 2
0 1 / .l l v c= −  The sides in the two directions perpendicular to the motion are unaffected by 

the motion and still have a length a.  

EXECUTE:   2 3 2 21 /V a l a v c= = −  
 37.51. IDENTIFY and SET UP:   There must be a length contraction such that the length a becomes the same as b; 

0 ,l a=  .l b=  0l  is the distance measured by an observer at rest relative to the spacecraft. Use Eq. (37.16) 

and solve for u. 

EXECUTE:   2 2

0
1 /

l u c
l

= −  so 2 21 / ;
b u c
a

= −  

1 40a b= .  gives 2 21 40 1 /b/ b u c. = −  and thus 2 2 21 / 1/(1.40)u c− =  

2 81 1/(1.40) 0.700 2.10 10 m/su c c= − = = ×  

EVALUATE:   A length on the spacecraft in the direction of the motion is shortened. A length perpendicular 
to the motion is unchanged. 

 37.52. IDENTIFY and SET UP:   The proper time 0t∆  is the time that elapses in the frame of the space probe. t∆  is 

the time that elapses in the frame of the earth. The distance traveled is 42.2 light years, as measured in the 
earth frame. 

EXECUTE:   Light travels 42.2 light years in 42.2 y, so (42.2 y) 42.5 y.
0.9930
ct
c

⎛ ⎞∆ = =⎜ ⎟
⎝ ⎠
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(b) In nonrelativistic mechanics the speeds just add and the speed of each relative to the other is c. 

(c) 
2

2
2 21 /

mcK mc
v c

= −
−

 

(i) Relative to the lab frame each proton has speed /2.v c=  The total kinetic energy of each proton is 

2

938 MeV (938 MeV) 145 MeV.
11
2

K = − =
⎛ ⎞− ⎜ ⎟
⎝ ⎠

 

(ii) In its rest frame one proton has zero speed and zero kinetic energy and the other has speed 4 .
5
c  In this 

frame the kinetic energy of the moving proton is 
2

938 MeV (938 MeV) 625 MeV.
41
5

K = − =
⎛ ⎞− ⎜ ⎟
⎝ ⎠

 

(d) (i) Each proton has speed /2v c=  and kinetic energy 
2

2 21 1 938 MeV( /2) 117 MeV.
2 2 8 8

mcK mv m c⎛ ⎞= = = = =⎜ ⎟
⎝ ⎠

 

(ii) One proton has speed 0v =  and the other has speed c. The kinetic energy of the moving proton is 
21 938 MeV 469 MeV.

2 2
K mc= = =  

EVALUATE:   The relativistic expression for K gives a larger value than the nonrelativistic expression.  
The kinetic energy of the system is different in different frames. 

 

 

Figure 37.59 
 

 37.60. IDENTIFY:   The protons are moving at speeds that are comparable to the speed of light, so we must use the 
relativistic velocity addition formula. 
SET UP:   S is lab frame and S′  is frame of proton moving in -direction.x+  0 600 .xv c= − .  In lab frame 

each proton has speed .cα  .u cα= +  .xv cα= −  2
0.600 .
1 0.6001 /

x
x

x

v u c cv c
uv c

α α
α

′ + − += = = −
−′+

 

EXECUTE:   (1 0.600 )( ) 0.600 .α α α− − = − +  20.600 2 0.600 0.α α− + =  Quadratic formula gives 3.00α =  
or 0.333.α =  Can’t have v c>  so 0.333.α =  Each proton has speed 0 333c. in the earth frame. 
EVALUATE:   To the earth observer, the protons are separating at 2(0.333 ) 0.666 ,c c=  but to the protons 
they are separating at 0.600c. 
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37.61.  IDENTIFY and SET UP:   Follow the procedure specified in the problem. 
EXECUTE:   2 2 2 2 2 2 2 2 2( ) ( / )x c t x ut c t ux cγ γ′ ′= ⇒ − = −  

2 2 2 21
( / ) 1 ( ) ( ) .

ux ut c t ux c x x u c t u c x ct x c t
c c

⎛ ⎞⇒ − = −  ⇒ + = + = +  ⇒ =  ⇒ =⎜ ⎟
⎝ ⎠

 

EVALUATE:   The light pulse has the same speed c in both frames. 
 37.62. IDENTIFY and SET UP:   Let S be the lab frame and let S′  be the frame of the nucleus. Let the 

-directionx+  be the direction the nucleus is moving. 0.7500 .u c=  

EXECUTE:   (a) 0.9995 .v c′ = +  2
0.9995 0.7500

0.999929
1 (0.7500)(0.9995)1 /

v u c cv c
uv c
′ + += = =

+′+
 

(b) 0 9995 .v c′ = − .  
0 9995 0 7500

0 9965
1 (0 7500)( 0 9995)

c cv c− . + .= = − .
+ . − .

 

(c) emitted in same direction: 

(i) 2
2 2 2

1 1
1 (0 511 MeV) 1 42 4 MeV

1 / 1 (0 999929)
K mc

v c

⎛ ⎞⎛ ⎞
⎜ ⎟= − = . − = .⎜ ⎟⎜ ⎟ ⎜ ⎟− − .⎝ ⎠ ⎝ ⎠

 

(ii) 2
2 2 2

1 1
1 (0 511 MeV) 1 15 7 MeV

1 / 1 (0 9995)
K mc

v c

⎛ ⎞⎛ ⎞
⎜ ⎟′ = − = . − = .⎜ ⎟⎜ ⎟ ⎜ ⎟− − .⎝ ⎠ ⎝ ⎠

 

(d) emitted in opposite direction: 

(i) 2
2 2 2

1 1
1 (0.511 MeV) 1 5.60 MeV

1 / 1 (0.9965)
K mc

v c

⎛ ⎞⎛ ⎞
⎜ ⎟= − = − =⎜ ⎟⎜ ⎟ ⎜ ⎟− −⎝ ⎠ ⎝ ⎠

 

(ii) 2
2 2 2

1 1
1 (0 511 MeV) 1 15 7 MeV

1 / 1 (0 9995)
K mc

v c

⎛ ⎞⎛ ⎞
⎜ ⎟′ = − = . − = .⎜ ⎟⎜ ⎟ ⎜ ⎟− − .⎝ ⎠ ⎝ ⎠

 

 37.63. IDENTIFY and SET UP:   Use Eq. (37.30), with / ,a dv dt=  to obtain an expression for .dv/dt  Separate the 
variables v and t and integrate to obtain an expression for ( ).v t  In this expression, let .t → ∞  

EXECUTE:   2 2 3/2(1 / ) .
dv Fa v c
dt m

= = −  (One-dimensional motion is assumed, and all the F, v and a refer to 

x-components.) 

2 2 3/ 2(1 / )

dv F dt
mv c

⎛ ⎞= ⎜ ⎟− ⎝ ⎠
 

Integrate from 0,t =  when 0,v =  to time t, when the velocity is v. 

2 2 3/ 20 0(1 / )

v tdv F dt
mv c

⎛ ⎞= ⎜ ⎟− ⎝ ⎠∫ ∫  

Since F is constant, 
0

.
t F Ftdt
m m

⎛ ⎞ =⎜ ⎟
⎝ ⎠∫  In the velocity integral make the change of variable / ;y v c=  then 

/ .dy dv c=  

/

2 2 3/2 2 3/2 2 1/20 0 2 2
0(1 / ) (1 ) (1 ) 1 /

v/c
v v cdv dy y vc c

v c y y v c

⎡ ⎤
= = =⎢ ⎥

− − − −⎣ ⎦
∫ ∫  

Thus 
2 2

.
1 /

v Ft
mv c

=
−

 

Solve this equation for v: 
22

2 21 /

v Ft
mv c

⎛ ⎞= ⎜ ⎟− ⎝ ⎠
 and 

2
2 2 2(1 / )

Ftv v c
m

⎛ ⎞= −⎜ ⎟
⎝ ⎠
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2 2
2 1 Ft Ftv

mc m

⎛ ⎞⎛ ⎞ ⎛ ⎞⎜ ⎟+ =⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
 so 

2 2 2 2 2

( / )

1 ( / )

Ft m Ftv c
Ft mc m c F t

= =
+ +

 

As 
2 2 2 2 2 2

, 1,Ft Ftt
m c F t F t

→ ∞ → →
+

 so .v c→  

EVALUATE:   Note that 
2 2 2 2

Ft

m c F t+
 is always less than 1, so v c<  always and v approaches c only 

when .t → ∞  
 37.64. IDENTIFY:   Apply the Lorentz coordinate transformation. 

SET UP:   Let t and t′  be time intervals between the events as measured in the two frames and let x and x′  
be the difference in the positions of the two events as measured in the two frames. 
EXECUTE:   Setting 0x =  in Eq. (37.21), the first equation becomes x utγ′ = −  and the last, upon 

multiplication  by c,  becomes .ct ctγ′ =  Squaring and subtracting gives 2 2 2 2 2 2 2( ).c t x t c uγ′ ′− = −  But 
2 2 2 2/( ),c c vγ = −  so 2 2 2 2 2 2( ) .t c v c tγ − =  Therefore, 2 2 2 2 2c t x c t′ ′− =  and 2 2 84.53 10 m.x c t t′′ = − = ×  

EVALUATE:   We did not have to calculate the speed u of frame S′  relative to frame S. 
 37.65. (a) IDENTIFY and SET UP:   Use the Lorentz coordinate transformation (Eq. 37.21) for 1 1( , )x t  and 2 2( , ):x t  

1 1
1 2 2

,
1 /

x utx
u c

−′ =
−

 2 2
2 2 21 /

x utx
u c

−′ =
−

 

2
1 1

1 2 2

/ ,
1 /

t ux ct
u c

−′ =
−

 
2

2 2
2 2 2

/

1 /

t ux ct
u c

−′ =
−

 

Same point in S′  implies 1 2.x x′ ′=  What then is 2 1?t t t′ ′ ′∆ = −  
EXECUTE:   1 2x x′ ′=  implies 1 1 2 2x ut x ut− = −  

2 1 2 1( )u t t x x− = −  and 2 1

2 1

x x xu
t t t

− ∆= =
− ∆

 

From the time transformation equations, 
2

2 1 2 2

1 ( / )
1 /

t t t t u x c
u c

′ ′ ′∆ = − = ∆ − ∆
−

 

Using the result that xu
t

∆=
∆

 gives 

2 2
2 2 2

1 ( ( ) /(( ) ))
1 ( ) /(( ) )

t t x t c
x t c

′∆ = ∆ − ∆ ∆
− ∆ ∆

 

2 2
2 2 2

( ( ) (( ) ))
( ) ( ) /

tt t x / t c
t x c

∆∆ ′ = ∆ − ∆ ∆
∆ − ∆

 

2 2 2
2 2

2 2 2

( ) ( ) / ( ) ( / ) ,
( ) ( ) /

t x ct t x c
t x c

∆ − ∆∆ ′ = = ∆ − ∆
∆ − ∆

 as was to be shown. 

This equation doesn’t have a physical solution (because of a negative square root) if 2 2( / ) ( )x c t∆ > ∆  or 
.x c t∆ ≥ ∆  

(b) IDENTIFY and SET UP:   Now require that 2 1t t′ ′=  (the two events are simultaneous in S′ ) and use the 
Lorentz coordinate transformation equations. 
EXECUTE:   2 1t t′ ′=  implies 2 2

1 1 2 2/ /t ux c t ux c− = −  

2 1
2 1 2

x xt t u
c
−⎛ ⎞− = ⎜ ⎟

⎝ ⎠
 so 2

xt u
c
∆⎛ ⎞∆ = ⎜ ⎟

⎝ ⎠
 and 

2c tu
x
∆=

∆
 


