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6 
Momentum and Collisions 

QUICK QUIZZES 

 1. Choice (b). The relation between the kinetic energy of an object and the magnitude of the momentum of that object is 
. Thus, when two objects having masses  have equal kinetic energies, we may write 

     so    and   

 2. Choice (c). Because the momentum of the system (boy + raft) remains constant with zero magnitude, the raft moves 
towards the shore as the boy walks away from the shore. 

 3. Choice (c). The total momentum of the car-truck system is conserved. Hence, any change in momentum of the truck 
must be counterbalanced by an equal magnitude change of opposite sign in the momentum of the car. 

 4. Choice (a). The total momentum of the two-object system is zero before collision. To conserve momentum, the momen-
tum of the combined object must be zero after the collision. Thus, the combined object must be at rest after the collision. 

 5. (a) Perfectly inelastic. Any collision in which the two objects stick together afterwards is perfectly inelastic. 

 (b) Inelastic. Both the Frisbee and the skater lose speed (and hence, kinetic energy) in this collision. Thus, the total 
kinetic energy of the system is not conserved. 

 (c) Inelastic. The kinetic energy of the Frisbee is conserved. However, the skater loses speed (and hence, kinetic en-
ergy) in this collision. Thus, the total kinetic energy of the system is not conserved. 

 6. Choice (a). If all of the initial kinetic energy is transformed, then nothing is moving after the collision. Consequently, 
the final momentum of the system is necessarily zero. Because momentum of the system is conserved, the initial mo-
mentum of the system must be zero, meaning that the two objects must have had equal magnitude momenta in opposite 
directions before the collision. 

ANSWERS TO WARM-UP EXERCISES 

1. The two equations given are 

   
( )

i i f f

i i f f

m MV m MV
V V

υ υ
υ υ

+ = +

− = − −
  

 Substituting the values of the masses, suppressing units, and adding the second equation to the first gives 

   

2 3 2 3

3 2 4

i i f f

i i f f

i i f f

V V
V V

V V

υ υ
υ υ
υ υ

+ = +

− = − +
+ = +

  

 Solving this equation for Vf , we obtain 

   1 (3 2 )
4f i i fV υ υ υ= + −   [1] 

 subtracting the second equation from the first gives 

   

2 3 2 3

4 3 2

i i f f

i i f f

i i f f

V V
V V

V V

υ υ
υ υ

υ υ

+ = +

− + = −
+ = +

  

 (a) Substituting for Vf from equation [1] gives 

   
14 3 2 (3 2 )
4i i f i i fV Vυ υ υ υ⎡ ⎤+ = + + −⎢ ⎥⎣ ⎦
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  and solving for vf , we obtain 

   
2 1 2 13 3(0) (4.00 m/s) 0.800m/s
5 2 5 2f i iVυ υ⎛ ⎞ ⎡ ⎤= − = − = −⎜ ⎟ ⎢ ⎥⎝ ⎠ ⎣ ⎦

  

 (b) From equation [1], 

   
[ ]

1 (3 2 )
4
1 3(4.00m/s) 2(0) ( 0.800m/s) 3.20 m/s
4

f i i fVυ υ υ= + −

= + − − =
  

2. (a) To use the given identity, we square each of the two equations and add them: 

   

2 2 2 2

2 2 2 2

2 2 2

( 507) (147) cos

( 377) (147) sin

399178 (21 609) (cos sin )

f

f

f

V

V

V

θ

θ

θ θ

− =

− =

= +

  

  which gives 

   
399 178 4.30
21609fυ = =   

 (b) To use the inverse tangent function, we divide the second equation by the first: 

   
(147)377

507
−

=
−

fV sin

(147)

θ

fV cosθ
 

  which gives 

   1 377tan 36.6
507

θ − −⎛ ⎞= = °⎜ ⎟−⎝ ⎠
 

  Since both of the argument of the tangent function are negative, the angle is in the third quadrant, and 

   180 36.6 217θ = ° + ° = °   

3. (a) To solve an equation with a natural log, we take the exponent of both sides. Thus, 

  
3

3

7.20 10 m/sIn 1.714
4.20 10 m/s

i

f

M
M

⎛ ⎞ ×= =⎜ ⎟⎜ ⎟ ×⎝ ⎠
  

  becomes 

   1.714exp In 5.55i i

f f

M M
e

M M

⎡ ⎤⎛ ⎞
= = =⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

  

 (b) From part (a) above, 

   
4

32.65 10 kg5.55 4.77 10 kg
5.55 5.55

i i
f

f

M M
M

M
×= → = = = ×   
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4. (a) The magnitude of the change in the soccer ball’s momentum is 

   
( ) (0.450 kg)(12.8 m/s 3.20 m/s)

= 4.32 kg m/s
f i f ip m m mυ υ υ υΔ = − = − = −

⋅
  

 (b) From Equation 6.5, the impulse delivered to the ball is equal to the change in the ball’s momentum, or  

   4.32kg m/sI p= Δ = ⋅   

 (c) In this case,  

   
( ) ( )( )0.450 kg 12.8 m/s 3.20 m/s

7.20 kg m/s

f iI p m υ υ= Δ = − = − −

= ⋅
  

5. (a) Taking the direction of the final velocity of the tennis ball as positive, the magnitude of the change in the ball’s 
 momentum is 

   
( ) ( )[ ]357.0 10  kg 25.0m/s ( 21.0m/s)

2.62 kg m/s

f ip m υ υ −Δ = − = × − −

= ⋅
  

 (b) From Equation 6.6, 

   av av
2.62 kg m/s 43.7 N

0.060 0s
pF t p F
t

Δ ⋅Δ = Δ → = =
Δ   

6. (a) We apply conservation of momentum to the astronaut-satellite system, with the initial velocities of the astronaut 
 and satellite both equal to zero. Using the subscripts a for the astronaut and s for the satellite, we write Equation 
 6.7 in one dimension as 

   a ai s si a af s sfm m a m m aυ υ υ υ+ = +   

  or 

   0 a af s sfm mυ υ= +   

  which gives 

   
85.0 kg (2.56m/s) 0.580m/s
375 kg

a
sf af

s

m =
m

υ υ
⎛ ⎞ ⎛ ⎞

=⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠

  

7. (a) The kinetic energy of the bowl is 

   2 2
bowl

1 1 (0.450kg)(1.28m/s) 0.369J
2 2i iKE m =υ= =   

 (b) The mass in motion after the rice ball is added to the bowl is twice the original moving mass. Therefore, to con
 serve momentum, the speed of the (rice ball + bowl) after the event must be one half of the initial speed of the 
 bowl, or  

   1 1.28m/s =(0.640m/s)
2 2f i =υ υ=

  

 (c) The final kinetic energy of the rice ball + bowl is 
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8. Assuming that the collision was head-on so that, after impact, the wreckage moves in the original direction of the car’s 
motion, conservation of momentum during the impact gives 

   0 0c c t t c fc t ftm m m mυ υ υ υ+ = +   

 Since 0 0,tυ =  this gives 

   
( )

0
0

1 500 kg27 m/s 15 m/s 3.0 m/s
750 kg

c c t ft t
fc c ft

c c

m m m
m m

υ υ
υ υ υ

− ⎛ ⎞
= = − ⎜ ⎟

⎝ ⎠
⎛ ⎞

= − = −⎜ ⎟
⎝ ⎠

  

9. In a glancing collision, momentum is conserved in both the x and y directions. Before the collision, 

   
xi ci

yi ti

p m

p m

υ

υ

=

=
∑
∑

  

 since the mass of the car and the truck are equal. after the collision, 

   
( )
( )

cos60.0

sin 60.0
xf f

yi f

p m m

p m m

υ

υ

= + °

= + °
∑
∑

  

 (a) Equating the momenta in the x direction, we obtain 

   m 2ci mυ = cos 60.0fυ °   

  which gives 

   ( )2 cos 60.0 2 15.0 m/s cos 60.0 15.0 m/sci fυ υ= ° = ° =   

 (b) Equating the momenta in the y direction, we obtain 

   m 2ti mυ = sin 60.0fυ °   

  which gives 

   ( )2 sin 60.0 2 15.0 m/s sin 60.0 26.0 m/sti fυ υ= ° = ° =   

10. (a) From Equation 6.20 for rocket thrust, 

   e
MMa
t

υ Δ=
Δ

  

  from which we obtain the rate at which the rocket is initially burning fuel: 

   
( )( )5 2

3
3

3.00 10  kg 36.0 m/s
2.40 10  kg/s

4.50 10  m/se

M Ma
t υ

×Δ = = = ×
Δ ×

  

 (b) Consider the sketches shown in ANS. FIG. 10. The leftmost sketch shows the rocket immedi 
 ately after the engine is fired (while the rocket’s velocity is still essentially zero). It has two forces  
 acting on it, an upward thrust F exerted by the burnt fuel being ejected from the engine, and a  
 downward force of gravity. These forces produce the upward acceleration a of the rocket  
 according to Newton’s second law: 

   y gF F F Ma= − =∑   ANS. FIG. 10 
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  Since Fg = Mg, the thrust exerted on the rocket by the ejected fuel is 

   ( )gF F Ma Mg Ma M g a= + = + = +   

 The rightmost part of the sketch shows a quantity of burnt fuel that was initially at rest within the rocket, but a very 
short time Δt later is moving downward at speed v. As this material is ejected, it exerts the upward thrust F on the 
rocket. By Newton’s third law, the rocket exerts a downward force of equal magnitude on this burnt fuel. This force im-
parts an impulse  

   ( ) ( )0I F t p m υ= Δ = Δ = Δ −   

  to the ejected material. Thus, the rate the rocket is burning and ejecting fuel must be 

   

( ) ( )( )5 2 2

3

3

3.00 10 36.0 m/s 9.80 m/s

0 4.50 10  m/s

3.05 10  kg/s

M a gm F
t υ υ

× ++Δ = = =
Δ − ×

= ×

  

11. (a) From Equation 6.19,  

   ln i
f i e

f

M
M

υ υ υ υ
⎛ ⎞

Δ = − = ⎜ ⎟⎜ ⎟
⎝ ⎠

  

  or 

   ln i

f e

M
M

υ
υ

⎛ ⎞ Δ=⎜ ⎟⎜ ⎟
⎝ ⎠

  

 To solve for the final mass of the rocket, we exponentiate both sides, giving 

   /exp ln exp           ei i

f e f

M M
e

M M
υ υυ

υ
Δ

⎡ ⎤⎛ ⎞ ⎛ ⎞Δ= → =⎢ ⎥⎜ ⎟ ⎜ ⎟⎜ ⎟⎢ ⎥ ⎝ ⎠⎝ ⎠⎣ ⎦
  

  Solving for the final mass of the rocket then gives 

   ( )3 3

5
5

/ 3.50 10  m/s 9.00 10  m/s

6.70 10  kg 4.54 10  kg
e

i
f

MM
e e

υ υΔ × ×

×= = = ×   

 (b) The mass of fuel used is equal to the negative of the change in the mass of the rocket during the burn, or 

   
5 5

5

6.70 10  kg 4.54 10  kg

2.16 10  kg

i fm M M MΔ = −Δ = − = × − ×

= ×
  

ANSWERS TO MULTIPLE CHOICE QUESTIONS 

 1. The magnitude of the impulse is 

   
 or  
 making (b) the correct choice. 
 
ANSWERS TO EVEN NUMBERED CONCEPTUAL QUESTIONS 
 2. (a) No. One of the objects was in motion before collision, so the system consisting of the two particles had a nonzero 

momentum before impact. Since momentum is always conserved in collisions, the system must have nonzero 
momentum after impact, meaning that at least one of the particles must be in motion. 

 (b) Yes. It is possible for one of the particles to be at rest after collision, provided the other particle leaves the colli-
sion with a momentum equal to the total momentum of the two-particle system before impact. 
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 4. The glass, concrete, and steel were part of a rigid structure that shattered upon impact of the airplanes with the towers 
and upon collapse of the buildings as the steel support structures weakened due to high temperatures of the burning fuel. 
The sheets of paper floating down were probably not in the vicinity of the direct impact, where they would have burned 
after being exposed to very high temperatures. The papers were most likely situated on desktops or open file cabinets 
and were blown out of the buildings as they collapsed. 

 6. Since the total momentum of the skater-Frisbee system is conserved, the momentum transferred to the skater equals the 
magnitude of the change in the Frisbee’s momentum. This is greatest when the skater throws the Frisbee back after 
catching it.  

 8. (a) No. In most collisions, there is some loss of kinetic energy (meaning the collision is not elastic), but the objects 
fail to stick together as they would in a completely inelastic collision (a collision in which the maximum possible 
kinetic energy loss, consistent with conservation of momentum, occurs). 

 (b) A greater portion of the incident kinetic energy is transformed to other forms of energy in a head-on collision than 
in a glancing collision. Thus, the expectation of damage to passengers is greatest in head-on collisions. 

10. A certain impulse is required to stop the egg. But, if the time during which the momentum change of the egg occurs is 
increased, the resulting force on the egg is reduced. The time is increased when the sheet billows out as the egg is 
brought to a stop. The force is reduced low enough so that the egg will not break. 

12. The passenger must undergo a certain momentum change in the collision. This means that an impulse, , must 
be imparted the passenger by the steering wheel, the window, an air bag, or something. By increasing the time Δt during 
which this momentum change occurs, the resulting force on the passenger can be decreased. 

14. Its speed decreases as its mass increases. No external horizontal forces act on the box-rainwater system, so its horizontal 
momentum cannot change as the box moves along the surface. Because the product  must be constant, and because 
the mass of the box  is increasing as it slowly fills with water, the horizontal speed of the box must decrease.  

16. No. The change in kinetic energy of an object is equal to the net work done on it. This net work is the product of the net 
force acting on the object and the displacement in the direction of the force. Thus, a small magnitude force acting 
through a large distance may do more work (and hence produce a greater change in kinetic energy) than a large force 
acting through a small distance.  

18. Since the same net force acts on the two particles through equal displacements, they have equal amounts of work done 
on them. From the work-energy theorem, we see that the two particles, both having started with zero kinetic energy, will 
have equal final kinetic energies. Choice (c) is the correct response. 

ANSWERS TO EVEN NUMBERED PROBLEMS 
 2. 1.7 kN 

 4. (a)  (b)  

 6. See Solution. 

 8. (a)  (b) 9.00 kN 

10. (a)  

 (b) It is unlikely that the man has sufficient arm strength to guarantee the safety of the child during a collision. The 
violent forces during the collision would tear the child from his arms. 

 (c) The laws are soundly based on physical principles: always wear a seat belt when in a car. 

12. (a)  in the direction of the final velocity (b) –27.0 J 

14. (a)  (b) 637 N upward (c) 897 N upward 

16. (a)  (b)  (c)  

18. 260 N in the  or perpendicular to the wall 

20. (a)  (b) 2.5 kN toward the pitcher 

 (c) The impulsive force is much larger than the ball’s weight of 1.4 N. 
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22. (a)  (b)  

24. (a)  (b)  

26.  

28. (a)  

 (b) As she throws the gloves and exerts a force on them, the gloves exert a force of equal magnitude in the opposite 
direction on her (Newton’s third law) that causes her to accelerate from rest to reach the velocity . 

30.  

32. No. The average force exerted is , which is less than . 

34. (a)  (b)  

36. (a)  (b)  

38.  

40.  

42. (a)  (b)  

44. (a) See Solution. 

 (b)  

   

 (c) ,  

 (d)  

 (e)  

   

 (f)  

 (g)  

 (h) Because the third fragment must have a momentum equal in magnitude and opposite direction to the resultant of 
the other two fragments momenta, all three pieces must travel in the same plane. 

46. (a)  (b)  

 (c)  

48. ;  

50. No, his initial speed was . 

52. 40.5 g 

54. 0.556 m 

56.  
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58. 0.961 m 

60.  

62. (a)  

 (b)  

 (c)  

64. (a)  (b)  

66. (a)  (b)  

68. 0.32 m 

70. (a) See Solution. 

 (b) From Newton’s third law, the two horizontal forces are equal in magnitude and opposite in direction. 

 (c)  

 (d) Kinetic energy is not conserved in this inelastic collision. 

72. (a)  (b)  

74.  

76. (a)  (b) 2.6 m 

78. (a) Conservation of mechanical energy of the bullet-block-Earth system from just after impact until maximum height 
is reached may be used to relate the speed of the block and bullet just after collision to the maximum height. Then, 
conservation of momentum from just before to just after impact can be used to relate the initial speed of the bullet 
to the speed of the block and bullet just after collision. 

 (b)  

PROBLEM SOLUTIONS 

 6.1 Use   

 (a)   

 (b)  

 (c)  

 (d)  

 6.2 From the impulse-momentum theorem, , we find the average force to be 

     

 6.3 (a) If , then 
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 (b) The kinetic energy of the bullet is  

      

  while that of the baseball is 

      

  The  by a factor of 48.5. 

 6.4 (a) We find the maximum height from , with  at .  

     

 (b) We use conservation of energy to find the velocity of the ball at . Taking , we have 

      

  or   

  giving , or . The momentum at this height is then  

     

 6.5 (a) If Δm is the mass of rain hitting the roof in time Δt, the impulse imparted to the rain by the roof is 

     

  or (taking upward as positive) 

      

  From Newton’s third law, the average force the rain exerts on the roof is 

     

 (b) Hailstones striking the roof would rebound upward, and hence experience a greater change in momentum than 
that experienced by an equal mass of liquid water which strikes the roof without rebounding. Thus, the impulse-
momentum theorem, , tells us that the hail will experience a greater average force than that experienced 
by an equal mass of water striking the roof. Newton’s third law then tells us that 

   

 6.6  

 6.7 (a)   so   

 (b)  
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 6.8 (a) The impulse delivered by a force is equal to the area under the Force versus Time curve. From the figure at the 
right, this is seen to be a triangular area having a base of  and altitude of . Thus, 

     

 (b)  

 

 6.9 (a) We choose the positive direction to be the direction of the final velocity of the ball.  

       

  or    

 (b) The average force the player exerts on the ball is 

     

  By Newton’s third law, the ball exerts a force of equal magnitude back on the player’s fist. 

6.10 (a) , where I is the impulse the man must deliver to the child:  

       

  or    

 (b) It is unlikely that the man has sufficient arm strength to guarantee the safety of the child during a collision. The 
violent forces during the collision would tear the child from his arms. 

 (c) The laws are soundly based on physical principles: always wear a seat belt when in a car. 

6.11 The velocity of the ball just before impact is found from  as 

     

 and the rebound velocity with which it leaves the floor is 

     

 The impulse given the ball by the floor is then 
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6.12 Take the direction of the ball’s final velocity (toward the net) to be the + x-direction. 

 (a)  

  giving  

 (b)  

6.13 (a) Taking forward as the positive direction, 

      

 (b)  

6.14 (a) Choose upward as the positive direction: 

      

 (b) Before the jump, the player is in equilibrium, so  

      

  or   

 (c) From the impulse-momentum theorem, the net force the player experiences during the jump is 

     

   

  But , where  is the upward force the floor exerts on the player during the jump and  is the 
force exerted by the floor before the jump. Thus, 

     

6.15 (a) The impulse equals the area under the F versus t graph. This area is the sum of the area of the rectangle plus the 
area of the triangle. Thus, 

     

 (b)  
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 (c)  

     

6.16 (a) Impulse = area under curve = (two triangular areas of altitude 4.00 N and base 2.00 s) + (one rectangular area of 
width 1.00 s and height of 4.00 N). Thus, 

     

 (b)  

     

 (c)  

6.17 (a) The impulse is the area under the curve between 0 and 3.0 s.  

  This is:   

 (b) The area under the curve between 0 and 5.0 s is 

     

  For parts (c) and (d), we use  

 (c) At 3.0 s:   

 (d) At 5.0 s:   

6.18   so    and   

  

  

     

 Thus,  
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6.19 (a)  

 (b)  

 (c)  

6.20 We shall take toward the pitcher as the positive direction. Then, the velocity of the ball just before contact with the bat is 
, and its velocity just as it leaves the bat is  

 (a)   

  yielding   

 (b) Also, , so  

      

 (c) The magnitude of the impulsive force is , with  and the weight being 

. 

6.21 Requiring that total momentum be conserved gives 

  

 or  

 and  

6.22 (a) The mass of the rifle is 

     

  We choose the direction of the bullet’s motion to be negative. Then, conservation of momentum gives 

   

 or  
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 and  

 (b) The mass of the man plus rifle is 

     

  We use the same approach as in (a), to find 

     

6.23 The velocity of the girl relative to the ice, , is , where vGP = velocity of girl relative to plank, and 
 Since we are given that , this becomes 

    [1] 

 (a) Conservation of momentum gives , or  [2] 

  Then, Equation [1] becomes 

      or   

  giving 

     

 (b) Then, using Equation [2] above, 

     

  or  

6.24 Originally, with both girl and plank at rest, the total momentum of the girl-plank system is zero. With negligible friction 
between the plank and the ice, the total momentum of the girl-plank system is conserved. 

 (a) The velocity of the girl relative to the ice is given by , where  is the velocity of the girl relative to the 
plank and  is the velocity of the plank relative to the ice. 

  Conservation of momentum of the girl-plank system then gives 

       

  or    and   

 (b) The velocity of the girl relative to the ice is 

      

  or   
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6.25 (a) Using a subscript a for the astronaut and t for the tank, conservation of momentum gives 
. Since both astronaut and tank were initially at rest, this becomes 

        or    

  The mass of the astronaut alone (after the oxygen tank has been discarded) is . Taking toward the space-
craft as the positive direction, the velocity imparted to the astronaut is 

     

  and the distance she will move in 2.00  min is 

     

 (b) By Newton’s third law, when the astronaut exerts a force on the tank, the tank exerts a force back on the astronaut. 
This reaction force accelerates the astronaut towards the spacecraft. 

6.26 The boat and fisherman move as a single unit having mass 

    

 Before the package is thrown, all parts of the system, (boat + fisherman) and package, are at rest, so the total initial mo-
mentum is zero. Neglecting water resistance, the final momentum of the system must also be zero, or 

    

 giving   

 and    or   

6.27 Consider the thrower first, with velocity after the throw of  Applying conservation of momentum yields 

     

 or   

 Now, consider the (catcher + ball), with velocity of  after the catch. From momentum conservation, 

     

 or   

6.28 (a) The total momentum of the system (girl plus gloves) is zero before the gloves are thrown. Neglecting friction be-
tween the girl and the ice, the total momentum is also zero after the gloves are thrown, giving 

      and   

 (b) As she throws the gloves, she exerts a force on them. As described by Newton’s third law, the gloves exert a force 
of equal magnitude in the opposite direction on the girl. This force causes her to accelerate from rest to reach the 
velocity  
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6.29 (a)   

 (b) The collision is best described as  because the skaters remain in contact after the collision. 

 (c)  

 (d)  

 (e)  

6.30 Consider a system consisting of arrow and target from the instant just before impact until the instant after the arrow 
emerges from the target. No external horizontal forces act on the system, so total horizontal momentum must be 
conserved, or 

     

 Thus,     

6.31 When Gayle jumps on the sled, conservation of momentum gives 

    

 or the speed of Gayle and the sled as they start down the hill is . 

 After Gayle and the sled glide down 5.00 m, conservation of mechanical energy (taking  at the level of the top of the 
hill) gives  

     

 so Gayle’s speed just before the brother hops on is  

 After her brother jumps on, conservation of momentum yields 

    

 and the speed of Gayle, brother, and sled just after her brother hops on is . 
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 After all slide an additional 10.0 m down (to a level 15.0 m below the level of the hilltop), conservation of mechanical 
energy from just after her brother hops on to the end gives the final speed as 

     

 or  

6.32 For each skater, the impulse-momentum theorem gives 

     

 Since  there are  

6.33 (a) If M is the mass of a single car, conservation of momentum gives 

    

  or   

 (b) The kinetic energy lost is , or 

      

  With  this yields  

6.34 (a) From conservation of momentum,  

     

  or   

 

 (b) The kinetic energy before is 

      

  and after collision 
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  or    

  The kinetic energy lost is 

      

  or    

6.35 (a) Because momentum is conserved even in a perfectly inelastic collision such as this, the ratio is . 

 (b)    or    

     and    

  so    

6.36 (a) Momentum is conserved, even in a perfectly inelastic collision. Thus,  or 

      giving   

 (b) The kinetic energy before impact is 

     

 After impact, the total kinetic energy is 

      

  The change that has occurred in the kinetic energy is then 

      

  or   

6.37 The leftmost part of the sketch depicts the situation from when the actor starts from rest until just before he makes con-
tact with his costar. Using conservation of energy over this period gives 

     

 or    
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 so his speed just before impact is 

    

 Now, employing conservation of momentum from just before to just after impact gives 

       or    

 Finally, using conservation of energy from just after impact to the end yields 

     or   

 and   

6.38   

 Consider the sketches above, which show the situation just before and just after collision. 

 Conserving momentum in y-direction:  

 or  

 Now, conserving momentum in the x-direction:  

   

 or  

 and  

 Then,   
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 Now, we can verify that this collision was indeed an elastic collision: 

   

 and  

 so  which is the criterion for an elastic collision. 

6.39 Let M = mass of ball, m = mass of bullet, v = velocity of bullet, and V = the initial velocity of the ball-bullet combina-
tion. Then, using conservation of momentum from just before to just after collision gives 

    

 Now, we use conservation of mechanical energy from just after the collision until the ball reaches maximum height to 
find 

     

 With the data values provided, this becomes 

     

6.40 First, we will find the horizontal speed, , of the block and embedded bullet just after impact. After this instant, the 
block-bullet combination is a projectile, and we find the time to reach the floor by use of , which becomes 

   , giving  t = 0.452 s 

 Thus, 

    

 Now use conservation of momentum for the collision, with  = speed of incoming bullet: 

     

 so    (about 320 mph) 

6.41 First, we use conservation of mechanical energy to find the speed of the block and embedded bullet just after impact: 

   

 and yields 

   

 Now, employ conservation of momentum to find the speed of the bullet just before impact: , or 
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6.42 (a) Conservation of momentum gives  or 

      

 (b)  

   

   

6.43 (a) We choose east (the direction of the girl’s velocity) to be the positive direction. Since momentum is conserved in 
the event and both skaters were initially at rest, it is necessary that 

      giving   

  Thus,  

 (b) The girl’s kinetic energy is   

  For the boy:   or   

  Therefore,   or   

 (c) Mechanical energy is gained because  as they push each other apart. The 
 within their bodies. 

6.44 (a)    

 (b) x-direction:    

  y-direction:    
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 (c)  

   

 (d)  

   

 (e) x-direction:    

  y-direction:    

 (f) x-direction:    or    

  y-direction:    or    

  Then, squaring and adding these results, recognizing that , gives 

   and  

 (g)   so   

  Note that the factor of 180° was included in the last calculation because it was recognized that both the sine and 
cosine of angle q  were negative. This meant that q  had to be a third quadrant angle. Use of the inverse tangent 
function alone yields only the principle angles  that have the given value for the tangent function. 

 (h) Because the third fragment must have a momentum equal in magnitude and opposite direction to the resultant of 
the other two fragments momenta,  

6.45 Conservation of momentum gives 

   

 or  [1] 

 For head-on, elastic collisions, we know that . 

 Thus, 

    or   [2] 

 Substituting Equation [2] into [1] yields  or  

 Equation [2] then gives  
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6.46 First, consider conservation of momentum and write 

   

 Since , this becomes 

    [1] 

 For an elastic head-on collision, we also have , which may be written as 

   [2] 

 Adding Equations [1] and [2] yields 

   [3] 

 Subtracting Equation [2] from [1] gives 

   [4] 

 Equations [3] and [4] show us that, under the conditions of equal mass objects striking one another in a head-on, elastic 
collision, the two objects simply exchange velocities. Thus, we may write the results of the various collisions as 

 (a) ,  

 (b) ,  

 (c) ,  

6.47 (a) Over a the short time interval of the collision, external forces have no time to impart significant impulse to the 
players. , so the collision is completely inelastic. 

 (b)   

   

  or  

  and    

     

  giving      and   

  Therefore, , and 
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  Also, 

      

  Thus,   

 (c)  

   

 (d)  The lost kinetic energy is transformed into other forms of energy, such as thermal energy and sound. 

6.48 Consider conservation of momentum in the first event (twin A tossing the pack), taking the direction of the velocity 
given the backpack as positive. This yields 

     

 or 

     

 Conservation of momentum when twin B catches and holds onto the backpack yields 

     

 or    

6.49 Choose the +x-axis to be eastward and the +y-axis northward. 

 If  is the initial northward speed of the 3 000-kg car, conservation of momentum in the y-direction gives 

     

 or    

 Observe that knowledge of the initial speed of the 2 000-kg car was unnecessary for this solution. 

6.50 We use conservation of momentum for both eastward and northward components. 

 For the eastward direction:  

 For the northward direction:  

 Divide the northward equation by the eastward equation to find 
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   or  

 yielding    

 Thus,  

6.51 Choose the x-axis to be along the original line of motion. 

 (a) From conservation of momentum in the x-direction, 

     

  or   [1] 

  Conservation of momentum in the y-direction gives 

    , or  [2] 

  Dividing Equation [2] by [1] gives   and  

  Then, either Equation [1] or [2] gives , so the final velocity of the second ball is 
 

 (b)  

   

  Since , this is an  

6.52 The recoil speed of the subject plus pallet after a heartbeat is 

   

 From conservation of momentum,  so the mass of blood leaving the heart is 

   

6.53 Choose the positive direction to be the direction of the truck’s initial velocity. 

 Apply conservation of momentum to find the velocity of the combined vehicles after collision: 

   

 which yields  
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 Use the impulse-momentum theorem,  to find the magnitude of the average force ex-
erted on each driver during the collision. 

 Truck Driver: 

   

 Car Driver: 

   

6.54 First, we use conservation of mechanical energy to find the speed of  at B just before collision. 

 This gives  

 or  

 Next, we apply conservation of momentum and knowledge of elastic collisions to find the velocity of  at B just after 
collision. 

 From conservation of momentum, with the second object initially at rest, we have 

    or    [1] 

 For head-on elastic collisions, . Since  in this case, this becomes , and, 
combining this with Equation [1] above, we obtain 

     or    

 so  

 Finally, use conservation of mechanical energy for  after the collision to find the maximum rebound height. This gives 
 

 or   and   

6.55 Note that the initial velocity of the target particle is zero (that is, ).  

 From conservation of momentum 

   [1] 

 For head-on elastic collisions, , and with , this gives 

   [2] 

 Substituting Equation [2] into [1] yields 
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 or 

    and   [3] 

 Now, we substitute Equation [3] into [2] to obtain 

    or   [4] 

 Equations [3] and [4] can now be used to answer both parts (a) and (b). 

 (a) If , then 

     and  

 (b) If , we find 

     and  

 (c) The final kinetic energy of the 2.0 g particle in each case is: 

  Case (a):  

  Case (b):  

  Since the incident kinetic energy is the same in cases (a) and (b), we observe that 
 

6.56 If the pendulum bob barely swings through a complete circle, it arrives at the top of the arc (having risen a vertical dis-
tance of  with essentially zero velocity. 

 From conservation of mechanical energy, we find the minimum velocity of the bob at the bottom of the arc as 
, or . This gives  as the needed velocity of the bob just after the 

collision. 

 Conserving momentum through the collision then gives the minimum initial velocity of the bullet as 

     or   

6.57 Note: We consider the spring to have negligible mass and ignore any energy or momentum it may possess after being 
released. Also, we take toward the right as the positive direction. 

 Conservation of momentum, , gives 

    or   [1] 
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 Since the surface is frictionless, conservation of energy, 

   

  with  gives 

   [2] 

 where  is the initial compression of the spring. Substituting Equation [1] into Equation [2] gives: 

     or    

 Choosing the negative sign (since m1will recoil to the left), this result yields 

   

 and   or   

 Then, Equation [1] gives the velocity of the second object as 

    or   

6.58 Use conservation of mechanical energy, , to find the speed of the blue bead at point B just before 

it collides with the green bead. This gives , or 

   

 Conservation of momentum during the collision gives 

   

 or  [1] 

 For a head-on elastic collision, we have , and with , this becomes  

    or   [2] 

 Substitute Equation [2] into [1] to find the speed of the green bead just after collision as 

    or   

 Now, we use conservation of energy for the green bead after collision to find the maximum height it will achieve. This 
gives 

    or   
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6.59 We shall choose southward as the positive direction. The mass of the man is 

   

 Then, from conservation of momentum, we find 

   

  or 

    and   

 Therefore, the time required to travel the 5.0 m to shore is 

   

6.60 The mass of the third fragment must be 

   

 Conserving momentum in both the x- and y-directions gives 

 y-direction:  

 or  

 x-direction:  

 or  

 and    

 Also,  

 Therefore,  

 Note that the factor of 180° was included in the calculation for  because it was recognized that both  were 
negative. This meant that  had to be a third quadrant angle. Use of the inverse tangent function alone yields only the 
principal angles  that have the given value for the tangent function. 

6.61 The sketch at the right gives before and after views of the collision between these two objects. Since the collision is 
elastic, both kinetic energy and momentum must be conserved. 
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 Conservation of Momentum: 

   

   

 or  [1] 

 Since this is a perfectly elastic collision, , and with the given velocities this becomes 

       or    [2] 

 (a) Substituting Equation [2] into [1] gives   or   

 (b) From Equation [2] above, we have    

6.62 (a) Let  and  be the velocities of m1 and m2 just before the collision. Then, using conservation of mechanical en-
ergy, or   

  gives    

      and  

 (b) From conservation of momentum: 

      

  or    [1] 

  For a perfectly elastic, head-on collision, , giving 

       or   [2] 

  Substituting Equation [2] into [1] gives  

  or    

  Then, Equation [2] yields . 

 (c) Applying conservation of energy to each block after the collision gives 

       or   

  Thus,  

  and   
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6.63 (a) Use conservation of mechanical energy to find the speed of m1 just before collision. Taking  at the tabletop 
level, this gives , or 

     

  Apply conservation of momentum from just before to just after the collision: 

      

  or    [1] 

  For a perfectly elastic head-on collision, . With , this becomes 

      or   [2] 

  Substituting Equation [2] into [1] yields 

      and   

  Then, from Equation [2], 

     

 (b) Apply conservation of mechanical energy to m1 after the collision to find the rebound height of this object. 

      or   

 (c) From , with , the time for m2 to reach the floor after it flies horizontally off the table is 

     

  During this time it travels a horizontal distance 

     

 (d) After the 0.500 kg mass comes back down the incline, it flies off the table with a horizontal velocity of 2.33 m/s. 
The time of the flight to the floor is 0.639 s as found above and the horizontal distance traveled is 

     

6.64 We label the two objects such that object 1 has mass m while object 2 has mass 3m. Conservation of the x-component of 
momentum gives 

    or   [1] 

 Likewise, conservation of the y-component of momentum gives 

     and    [2] 

 Since the collision is elastic,  

 or  

 which reduces to 
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   [3] 

 Substituting Equations [1] and [2] into [3] yields 

     or    

 (a) From Equation [2], the particle of mass m has final speed , and the particle of mass 3m  
moves at 

     

 (b)  

6.65 (a) The momentum of the system is initially zero and remains constant throughout the motion. Therefore, when m1 
leaves the wedge, we must have , or 

      

  meaning    

 (b) Using conservation of energy as the block slides down the wedge, we have 

     or  

  Thus,  

            

6.66 Choose the positive x-axis in the direction of the initial velocity of the cue ball. Let  be the initial speed of the cue 
ball,  be the final speed of the cue ball,  be the final speed of the target, and  be the angle the target’s final velocity 
makes with the x-axis. 

 Conservation of momentum in the x-direction, recognizing that all billiard balls have the same mass, gives 

       or    [1] 

 The conservation equation for momentum in the y-direction is 

       or    [2] 

 Since this is an elastic collision, kinetic energy is conserved, giving 

       or    [3] 

 (b) To solve, square Equations [1] and [2] and add the results to obtain 
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  or    

  Now, substitute this result into Equation [3] to get 

        or    

  Since , it is necessary that 

     

  Then, Equation [3] yields , or 

     

 (a) With the results found above, Equation [2] gives 

   

  Thus, the angle between the velocity vectors after collision is 

     

6.67 (a) Use conservation of the horizontal component of momentum from just before to just after the cannon is fired. 

   gives 

  ,  

 

  or 

   

 (b) Use conservation of mechanical energy for the cannon-spring system from right after the cannon is fired to the 
instant when the cannon comes to rest. 
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 (c)  

 (d) No. The rail exerts a vertical external force (the normal force) on the cannon and prevents it from recoiling verti-
cally. Momentum is not conserved in the vertical direction. The spring does not have time to stretch during the 
cannon firing. Thus, no external horizontal force is exerted on the system (cannon plus shell) from just before to 
just after firing. Momentum is conserved in the horizontal direction during this interval. 

6.68 Observe from Figure P6.68, the platform exerts a 0.60-kN to support the weight of the standing athlete prior to . 
From this, we determine the mass of the athlete: 

   

 For the interval , we subtract the 0.60 kN force used to counterbalance the weight to get the net upward 
force exerted on the athlete by the platform during the jump. The result is shown in the force-versus-time graph at the 
right. The net impulse imparted to the athlete is given by the area under this graph. Note that this area can be broken into 
two triangular areas plus a rectangular area. 

 

 The net upward impulse is then 

     

 The upward velocity  of the athlete as he lifts off of the platform (at ) is found from 

    

 The height of the jump can then be found from  (with ) to be 

    

6.69 Let particle 1 be the neutron and particle 2 be the carbon nucleus. Then, we are given that . 

 (a) From conservation of momentum, . 

  Since , this reduces to  [1] 

  For a head-on elastic collision,  

  Since , this becomes  [2] 

  Substitute Equation [2] into [1] to obtain  

  or        and   

  Then, Equation [2] yields . 
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  The initial kinetic energy of the neutron is , and the final kinetic energy of the carbon nucleus is 

      

  The fraction of kinetic energy transferred is  

 (b) If , then 

     

  The remaining energy,  stays with the neutron. 

6.70 (a)  

 (b) From Newton’s third law, the force  exerted by B on A is at each instant equal in magnitude and opposite in 
direction to the force  exerted by A on B. 

 (c) There are no horizontal external forces acting on System C, which consists of both blocks. The forces  and  
are internal forces exerted on one part of System C by another part of System C. 

  Thus,   

  This gives 

     or  

  so the velocity of the combined blocks after collision is  

  The change in momentum of A is then 

     

  and the change in momentum for B is 

     

 (d)  

  Thus,  
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6.71 (a) The owner’s  Immediately prior to impact, the total momentum of the two-car system 
had a northward component and an eastward component. Thus, after impact, the wreckage moved in a northeast-
erly direction and could not possibly have damaged the owner’s property on the southeast corner. 

 (b) Choose east as the positive  and north as the positive . From conservation of momentum: 

       

  or    

       

  or    

  Thus, the velocity of the wreckage immediately after impact is 

        and   

  or    

6.72 (a) Ignore any change in velocity due to the force of gravity during the brief collision time, and let  denote the 
velocity of the ball just after impact while  is that of the player. We use the conservation of momentum to  
obtain 

      

  or   [1] 

  Also, for an  

  or   [2] 

  Substituting Equation [1] into [2] yields  

     

 (b) The average acceleration of the ball during the collision is 
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6.73 (a) The speed v of both balls just before the basketball reaches the ground may be found from  as 

     

 (b) Immediately after the basketball rebounds from the floor, it and the tennis ball meet in an elastic collision. The 
velocities of the two balls just before collision are 

    for the tennis ball:   and  for the basketball:  

   
We determine the velocity of the tennis ball immediately after this elastic collision as follows: 

  Momentum conservation gives 

   [1] 

  From the criteria for a perfectly elastic collision: 

     [2] 

  Substituting Equation [2] into [1] gives 

     

  or the upward speed of the tennis ball immediately after the collision is 

     

  The vertical displacement of the tennis ball during its rebound following the collision is given by  as 

      

  or   

6.74 The woman starts from rest (v0y = 0) and drops freely with  for 2.00 m before the impact with the toboggan. 
Then,  gives her speed just before impact as 

   

 The sketches at the right show the situation just before and just after the woman’s impact with the toboggan. Since no 
external forces impart any significant impulse directed parallel to the incline (+x-direction) to the system consisting of 
man, woman, and toboggan during the very brief duration of the impact, we will consider the total momentum parallel 
to the incline to be conserved. That is, 
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 or the speed of the system immediately after impact is 

  

6.75 First consider the motion of the block and embedded bullet from immediately after impact until the block comes to rest 
after sliding distance d across the horizontal table. During this time, a kinetic friction force , directed 
opposite to the motion, acts on the block. The net work done on the block and embedded bullet during this time is 

    

 so the speed, V, of the block and embedded bullet immediately after impact is 

     

 Now, make use of conservation of momentum from just before to just after impact to obtain 

     

 and the initial velocity of the bullet was 

    

6.76 (a) Apply conservation of momentum in the vertical direction to the squid-water system from the instant before to the 
instant after the water is ejected. This gives 

   

 (b) Apply conservation of mechanical energy to the squid from the instant after the water is ejected until the squid 
reaches maximum height to find 

        or    
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6.77 (a)   

  The situations just before and just after the collision are shown above. Conserving momentum in both the x- and 
y-directions gives 

     or  [1] 

     

  or          [2] 

  Dividing Equation [1] by [2] yields 

        or    

  Equation [1] then gives    

 (b) The fraction of the incident kinetic energy lost in this collision is 

      

      or  

6.78 (a) Conservation of mechanical energy of the bullet-block-Earth system from just after impact until maximum height 
is reached may be used to relate the speed of the block and bullet just after collision to the maximum height. Then, 
conservation of momentum from just before to just after impact can be used to relate the initial speed of the bullet 
to the speed of the block and bullet just after collision. 

 (b) Conservation of energy from just after impact until the block and embedded bullet come to rest momentarily at 
height h gives 

        or    

  and the speed of the block+bullet just after collision is . 

  Now, using conservation of momentum during the collision gives 

      or   
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  The initial speed of the bullet is then 

     

6.79 (a) Conservation of mechanical energy of the bullet-block-Earth system from just after impact until maximum height 
is reached may be used to relate the speed of the block and bullet just after collision to the maximum height. Then, 
conservation of momentum from just before to just after impact can be used to relate the initial speed of the bullet 
to the speed of the block and bullet just after collision. 

 (b) Conservation of energy from just after impact until the block and embedded bullet come to rest momentarily at 
height  gives 

     or    

  and the speed of the block+bullet just after collision is . 

  Now, using conservation of momentum during the collision gives 

      or   

  The initial speed of the bullet is then 

      

  and the initial velocity of the bullet is . 


