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2007 F=ma Contest 
 
1. An object moves in two dimensions according to 


 2 ˆ ˆ( ) (4.0 9.0) (2.0 5.0) ,r t t i t j= − + −G
 


where r is in meters and t in seconds. When does the object cross the x-axis? 
 


(a) 0.0 s 
(b) 0.4 s 
(c) 0.6 s 
(d) 1.5 s 
(e) 2.5 s 


 
 
2. The graph shows velocity as a 


function of time for a car.  What 
was the acceleration at time = 90 
seconds? 


 
(a) 0.22 m/s2 
(b) 0.33 m/s2 
(c) 1.0 m/s2 
(d) 9.8 m/s2 
(e) 30 m/s2 


 
 
3. The coordinate of an object is given as a function of time by x = 8t - 3t2, where x is in 


meters and t is in seconds.  Its average velocity over the interval from t = 1 to t = 2s is 
 


(a) -2 m/s  
(b) -1 m/s  
(c) -0.5 m/s 
(d)  0.5 m/s 
(e)  1 m/s 


 
 
4. An object is released from rest and falls a distance h during the first second of time.  


How far will it fall during the next second of time?  
 


(a) h 
(b) 2h  
(c) 3h  
(d) 4h  
(e) h2 
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5. A crate of toys remains at rest on a sleigh as the sleigh is pulled up a hill with an 
increasing speed.  The crate is not fastened down to the sleigh.  What force is responsible 
for the crate’s increase in speed up the hill?  


 
(a) the force of static friction of the sleigh on the crate  
(b) the contact force (normal force) of the ground on the sleigh 
(c) the contact force (normal force) of the sleigh on the crate 
(d) the gravitational force acting on the sleigh 
(e) no force is needed 


 
 
6. At time t = 0 a drag racer starts from rest at the origin and moves along a straight line 


with velocity given by v = 5t2, where v is in m/s and t in s.  The expression for the 
displacement of the car from t = 0 to time t is 


 
(a) 5t3 
(b) 5t3/3  
(c) 10t 
(d) 15t2 
(e) 5t/2 


 
 
7. The chemical potential energy stored in a battery is converted into kinetic energy in a toy 


car that increases its speed first from 0 mph to 2 mph and then from 2 mph up to 4 mph.  
Ignore the energy transferred to thermal energy due to friction and air resistance. 
Compared to the energy required to go from 0 to 2 mph, the energy required to go from 2 
to 4 mph is 


 
(a) half the amount. 
(b) the same amount. 
(c) twice the amount. 
(d) three times the amount. 
(e) four times the amount. 


 
 
8. When two stars are very far apart their gravitational potential energy is zero; when they 


are separated by a distance d  the gravitational potential energy of the system is U.  If 


the stars are separated by a distance 2d the gravitational potential energy of the system 
is 


 
(a) U/4 
(b) U/2 
(c) U 
(d) 2U 
(e) 4U 
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9. A large wedge rests on a horizontal 
frictionless surface, as shown.  A block 
starts from rest and slides down the 
inclined surface of the wedge, which is 
rough.  During the motion of the block, the 
center of mass of the block and wedge 


 
(a) does not move  
(b) moves horizontally with constant speed  
(c) moves horizontally with increasing speed  
(d) moves vertically with increasing speed  
(e) moves both horizontally and vertically 


 
 
10. Two wheels with fixed hubs, each having 


a mass of 1 kg, start from rest, and forces 
are applied as shown.  Assume the hubs 
and spokes are massless, so that the 
rotational inertia is I = mR2.  In order to 
impart identical angular accelerations 
about their respective hubs, how large 
must F2 be? 


 
(a) 0.25 N    
(b) 0.5 N  
(c) 1 N 
(d) 2 N  
(e) 4 N 


 
 
11. A uniform disk, a thin hoop, and a uniform sphere, all with the same mass and same 


outer radius, are each free to rotate about a fixed axis through its center.  Assume the 
hoop is connected to the rotation axis by light spokes.  With the objects starting from 
rest, identical forces are simultaneously applied to the rims, as shown.  Rank the objects 
according to their kinetic energies after a given time t, from least to greatest. 


  
(a) disk, hoop, sphere 
(b) sphere, disk, hoop 
(c) hoop, sphere, disk 
(d) disk, sphere, hoop 
(e) hoop, disk, sphere  
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12. A 2-kg rock is suspended by a 


massless string from one end of a 
uniform 1-meter measuring stick. 
What is the mass of the measuring 
stick if it is balanced by a support 
force at the 0.20-meter mark? 


 
(a) 0.20 kg 
(b) 1.00 kg 
(c) 1.33 kg 
(d) 2.00 kg 
(e) 3.00 kg 


 
 
13. A particle moves along the x-axis.  It collides elastically head-on with an identical 


particle initially at rest.  Which of the following graphs could illustrate the momentum of 
each particle as a function of time?  


 
  
  
 
 
 
 
 
 
14. When the speed of a rear-drive car is increasing on a horizontal road, the direction of 


the frictional force on the tires is 
 


(a) backward on the front tires and forward on the rear tires.  
(b) forward on the front tires and backward on the rear tires. 
(c) forward on all tires. 
(d) backward on all tires. 
(e) zero. 
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15. A uniform disk (I =½ MR2) of mass 8.0 kg can rotate without 
friction on a fixed axis. A string is wrapped around its 
circumference and is attached to a 6.0 kg mass.  The string does 
not slip.  What is the tension in the cord while the mass is 
falling? 


 
(a) 20.0 N 
(b) 24.0 N 
(c) 34.3 N 
(d) 60.0 N 
(e) 80.0 N 


 
 
 
 
16. A baseball is dropped on top of a basketball.  The basketball hits the 


ground, rebounds with a speed of 4.0 m/s, and collides with the baseball as 
it is moving downward at 4.0 m/s.  After the collision, the baseball moves 
upward as shown in the figure and the basketball is instantaneously at rest 
right after the collision.  The mass of the baseball is 0.2 kg and the mass of 
the basketball is 0.5 kg.  Ignore air resistance and ignore any changes in 
velocities due to gravity during the very short collision times.  The speed of 
the baseball right after colliding with the upward moving basketball is 


 
(a) 4.0 m/s 
(b) 6.0 m/s 
(c) 8.0 m/s 
(d) 12.0 m/s 
(e) 16.0 m/s 


 
 
17. A small point-like object is thrown horizontally off of a 50.0-m high building with an 


initial speed of 10.0 m/s.  At any point along the trajectory there is an acceleration 
component tangential to the trajectory and an acceleration component perpendicular to 
the trajectory.  How many seconds after the object is thrown is the tangential 
component of the acceleration of the object equal to twice the perpendicular 
component of the acceleration of the object?  Ignore air resistance. 


 
(a) 2.00 s 
(b) 1.50 s 
(c) 1.00 s 
(d) 0.50 s  
(e) The building is not high enough for this to occur. 
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18. A small chunk of ice falls from rest 
down a frictionless parabolic ice sheet 
shown in the figure.  At the point 
labeled A in the diagram, the ice sheet 
becomes a steady, rough incline of 
angle  with respect to the 
horizontal and friction coefficient 


030
kµ .  


This incline is of length h
2
3  and ends 


at a cliff.  The chunk of ice comes to 
rest precisely at the end of the incline.  
What is the coefficient of friction kµ ? 
 


 


(a) 0.866 
(b) 0.770 
(c) 0.667 
(d) 0.385 
(e) 0.333 


 
 
19. A non-Hookian spring has force 


 where k is the spring constant 
and x is the displacement from its 
unstretched position. For the system 
shown of a mass m connected to an 
unstretched spring initially at rest, how 
far does the spring extend before the 
system momentarily comes to rest?  
Assume that all surfaces are frictionless and that the pulley is frictionless


2kxF −=


 


(a) 
2


1


2
3


⎟
⎠
⎞


⎜
⎝
⎛


k
mg   


(b) 
2


1


⎟
⎠
⎞


⎜
⎝
⎛


k
mg  


(c)  
2


1
2


⎟
⎠
⎞


⎜
⎛   
⎝ k


mg


(d) 
3


1


3
⎟⎟
⎠


⎞
⎜⎜
⎝


⎛


k
mg  


(e) 
3


1


2
33


⎟⎟
⎠


⎞
⎜⎜
⎝


⎛


k
mg  
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20. A point-like mass moves horizontally between two walls on a frictionless surface with 
initial kinetic energy E.  With every collision with the walls, the mass loses ½ its 
kinetic energy to thermal energy.  How many collisions with the walls are necessary 
before the speed of the mass is reduced by a factor of 8? 


 
(a) 3 
(b) 4 
(c) 6 
(d) 8 
(e) 16 
 
 


21. If the rotational inertia of a sphere about an axis through the center of the sphere is I, 
what is the rotational inertia of another sphere that has the same density, but has twice 
the radius? 


 
(a) 2I 
(b) 4I 
(c) 8I 
(d) 16I 
(e) 32I 


 
 


22. Two rockets are in space in a negligible gravitational field.  All observations are made 
by an observer in a reference frame in which both rockets are initially at rest.  The 
masses of the rockets are m and 9m.  A constant force F acts on the rocket of mass m 
for a distance d.  As a result, the rocket acquires a momentum p.  If the same constant 
force F acts on the rocket of mass 9m for the same distance d, how much momentum 
does the rocket of mass 9m acquire? 


 
(a)  p/9 
(b) p/3 
(c) p 
(d) 3p 
(e) 9p 
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23. If a planet of radius R spins with an angular velocity ω  about an axis through the 
North Pole, what is the ratio of the normal force experienced by a person at the equator 
to that experienced by a person at the North Pole?  Assume a constant gravitational 
field g and that both people are stationary relative to the planet and are at sea level. 


(a) 2ωRg  
(b) gR 2ω  
(c)  gR 21 ω−  
(d) 21 ωRg+  
(e) gR 21 ω+  


 
 


24. A ball of mass m is launched into the air.  Ignore air resistance, but assume that there is 
a wind that exerts a constant force Fo in the –x direction.  In terms of F0 and the 
acceleration due to gravity g, at what angle above the positive x-axis must the ball be 
launched in order to come back to the point from which it was launched? 


(a)  )(tan 0
1 mgF−  


(b)   )/(tan 0
1 Fmg−


(c)   )(sin 0
1 mgF−  


(d)   the angle depends on the launch speed 
(e)   no such angle is possible 


 
 


25. Find the period of small oscillations of a water pogo, which is a stick of mass m in the 
shape of a box (a rectangular parallelepiped.) The stick has a length L, a width w and a 
height h and is bobbing up and down in water of density ρ . Assume that the water  
pogo is oriented such that the length L and width w are horizontal at all times.  Hint:  
The buoyant force on an object is given by ,VgFbuoy ρ=  where V is the volume of the 
medium displaced by the object and ρ  is the density of the medium.  Assume that at 
equilibrium, the pogo is floating. 


(a)  2 L
g


π  


(b)  
2 2


2


gw L
mh


ρπ  


(c)   
2


2 22 mh
L w g


π
ρ


 


(d)   2
g


m
wL


π
ρ


 


(e)   
g


m
wL


π
ρ
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Questions 26 – 38:  Be sure to show all of your work on the corresponding Free Response 
Answer Form as well as to record your answer on the optical mark answer sheet. 


 
26. A sled loaded with children starts from rest and slides down a snowy 250 (with respect 


to the horizontal) incline traveling 85 meters in 17 seconds.  Ignore air resistance. What 
is the coefficient of kinetic friction between the sled and the slope? (5 pts.) 


 
(a) 0.36 
(b) 0.40 
(c) 0.43 
(d) 1.00 
(e) 2.01 
 
 


27. A space station consists of two living modules attached to a central hub on opposite 
sides of the hub by long corridors of equal length.  Each living module contains N 
astronauts of equal mass.  The mass of the space station is negligible compared to the 
mass of the astronauts, and the size of the central hub and living modules is negligible 
compared to the length of the corridors.  At the beginning of the day, the space station 
is rotating so that the astronauts feel as if they are in a gravitational field of strength g.  
Two astronauts, one from each module, climb into the central hub, and the remaining 
astronauts now feel a gravitational field of strength g ′ .  What is the ratio gg ′ in terms 
of N?  (5 pts) 


 


(a)  2 /( 1)N N −  
(b)  )1( −NN  
(c) NN )1( −  


(d)  )1( −NN  
(e)  none of the above 
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Questions 26 – 38:  Be sure to show all of your work on the corresponding Free Response 
Answer Form as well as to record your answer on the optical mark answer sheet. 


 
Questions 28-30 
 


A simplified model of a bicycle of mass M has two tires that each comes into contact 
with the ground at a point.  The wheelbase of this bicycle (the distance between the 
points of contact with the ground) is w, and the center of mass of the bicycle is located 
midway between the tires and a height h above the ground.  The bicycle is moving to 
the right, but slowing down at a constant rate.  The acceleration has a magnitude a.  Air 
resistance may be ignored. 


 


 
 


 
Case 1 (Questions 28 – 29):  Assume that the coefficient of sliding friction between 
each tire and the ground is µ , and that both tires are skidding:  sliding without 
rotating.  Express your answers in terms of w, h, M, and g. 
 
 


28. What is the maximum value of µ so that both tires remain in contact with the ground? 
(5 pts) 


 


(a) 
h


w
2


 


(b)  
w
h


2
 


(c)  
w
h2  


(d)  
h
w  


(e) none of the above 
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Questions 26 – 38:  Be sure to show all of your work on the corresponding Free Response 
Answer Form as well as to record your answer on the optical mark answer sheet. 


 
29. What is the maximum value of a so that both tires remain in contact with the ground? 


(5 pts) 
 


(a) 
h


wg  


(b) 
h


wg
2


 


(c) 
w


hg
2


 


(d) 
wg
h


2
 


(e) none of the above 
 
 
 


Case 2 (Question 30):  Assume, instead, that the coefficient of sliding friction between 
each tire and the ground is different: 1µ  for the front tire and 2µ  for the rear tire.  Let 


1 22µ µ=  
 
 
30. Assume that both tires are skidding:  sliding without rotating. What is the maximum 


value of a so that both tires remain in contact with the ground?  (5 pts) 
 


(a) wg
h


 


(b) 
3
wg


h
 


(c) 2
3
wg
h


 


(d) 
2
hg
w


 


(e) none of the above 
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Questions 26 – 38:  Be sure to show all of your work on the corresponding Free Response 
Answer Form as well as to record your answer on the optical mark answer sheet. 


 
Questions 31 – 33 
 


A thin, uniform rod has mass m and length L.  Let the acceleration due to gravity be g. 
Let the rotational inertia of the rod about its center be . 2md


 
 


31.   Find the ratio L / d.  (3 pts) 
 


(a)  23  
(b)  3 
(c) 12  
(d)  32  
(e)  none of the above 


 
 
 


The rod is suspended from a point a distance kd  from the center, and undergoes small 


oscillations with an angular frequency g
d


β . 


 
 
32. Find an expression for β  in terms of k. (7 pts) 
 


(a)  21 k+


(b) 21 k+  


(c) 
k


k
+1


 


(d) 
k


k
+1


2


 


(e)  none of the above 
 
 
33. Find the maximum value of β .  (5 pts) 


 
(a)  1  
(b)  2  
(c)  1/ 2  
(d) β  does not attain a maximum value 
(e)  none of the above 
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Questions 26 – 38:  Be sure to show all of your work on the corresponding Free Response 
Answer Form as well as to record your answer on the optical mark answer sheet. 


 
Questions 34 – 36 
 


A point object of mass m is connected to a cylinder of radius R via a massless rope.  At 
time t = 0 the object is moving with an initial velocity v0 perpendicular to the rope, the 
rope has a length L0, and the rope has a non-zero tension.  All motion occurs on a 
horizontal frictionless surface.  The cylinder remains stationary on the surface and does 
not rotate. The object moves in such a way that the rope slowly winds up around the 
cylinder.  The rope will break when the tension exceeds Tmax.  Express your answers in 
terms of Tmax, m, L0, R, and v0. 
 


  
34. What is the angular momentum of the object with respect to the axis of the cylinder at 


the instant that the rope breaks? (6 pts) 
 


(a)   Rmv0


(b)  
32


0


maxT
m v  


(c)  00 Lmv


(d) 
2


max


0


T R
v


 


(e) none of the above 
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Questions 26 – 38:  Be sure to show all of your work on the corresponding Free Response 
Answer Form as well as to record your answer on the optical mark answer sheet. 


 
35.What is the kinetic energy of the object at the instant that the rope breaks? (4 pts) 


 


(a)  
2


2
0mv


 


(b)  
0


2
0


2L
Rmv


 


(c) 2
0


22
0


2L
Rmv


 


(d) 
2 2


0 0
22


mv L
R


 


(e)  none of the above 
 


  
36. What is the length (not yet wound) of the rope?  (6 pts) 


 
(a)  RL π−0  
(b)  RL π20 −  


(c) 0 18L Rπ−  


(d)  
2


0


max


mv
T


 


(e)  none of the above 
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Questions 26 – 38:  Be sure to show all of your work on the corresponding Free Response 
Answer Form as well as to record your answer on the optical mark answer sheet. 


 
Questions 37 – 38 
 


A massless elastic cord (that obeys Hooke’s Law) will break if the tension in the cord 
exceeds Tmax.  One end of the cord is attached to a fixed point, the other is attached to 
an object of mass 3m.  If a second, smaller object of mass m moving at an initial speed 
v0 strikes the larger mass and the two stick together, the cord will stretch and break, but 
the final kinetic energy of the two masses will be zero.  If instead the two collide with a 
perfectly elastic one-dimensional collision, the cord will still break, and the larger mass 
will move off with a final speed of vf.  All motion occurs on a horizontal, frictionless 
surface.   


 
 


37. Find vf/v0.  (7 pts) 
 


(a)  1 12   
(b)  21  
(c)  61  
(d) 1 3  
(e) none of the above 
 
 


38. Find the ratio of the total kinetic energy of the system of two masses after the perfectly 
elastic collision and the cord has broken to the initial kinetic energy of the smaller mass 
prior to the collision.  (7 pts) 


 
(a) 1 4   
(b)  1/  3
(c)  1/  2
(d)  3 / 4
(e) none of the above 
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Questions 26 – 38:  Be sure to show all of your work on the corresponding Free Response 
Answer Form as well as to record your answer on the optical mark answer sheet. 


 
Multiple Choice Answers 


 
1. e 
2. b 
3. b 
4. c 
5. a 
6. b 
7. d 
8. b 
9. d 
10. d 
11. e 
12. c 
13. d 
14. a 
15. b 
16. b 
17. a 
18. b 
19. a 
20. c 
21. e 
22. d 
23. c 
24. b 
25. d 
26. b 
27. e 
28. a 
29. b 
30. e 
31. d 
32. e 
33. c 
34. b 
35. a 
36. d 
37. c 
38. d 
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2007 F=ma Contest  SOLUTIONS 
 


Multiple Choice Answers 
 


1. e 
2. b 
3. b 
4. c 
5. a 
6. b 
7. d 
8. b 
9. d 
10. d 
11. e 
12. c 
13. d 
14. a 
15. b 
16. b 
17. a 
18. b 
19. a 
20. c 
21. e 
22. d 
23. c 
24. b 
25. d 
26. b 
27. e 
28. a 
29. b 
30. e 
31. d 
32. e 
33. c 
34. b 
35. a 
36. d 
37. c 
38. d 
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Solutions to Free Response 


 
26.   Since the acceleration is constant and the sled starts from rest, 
 


21
2


x at∆ =              (26-1) 


so a = 0.588 m/s2. 
 
With the y-axis perpendicular to the incline, ay = 0, so the normal force is 


 
cosN mg θ=          (26-2) 


 
Applying Newton’s second law parallel to the incline with f = force of kinetic friction 
 


sinmg f maθ − =       (26-3) 
 


Using f Nµ= along with equations (26-2) and (26-3) we find that 
  


tan
cos
a


g
µ θ


θ
= −


 


2


2


0.588 /tan 25 0.40
(10 / ) cos 25


m s
m s


µ = − =  


 
27.    An accelerated reference frame is equivalent to a gravitational field.  We will denote all 
quantities that change when the astronauts move with a primed superscript after the move.  Due to 
circular motion and the fact that the radius does not change and that v rω= , we find that 
 


2 2


2 2


g v
g v


ω
ω


′ ′ ′
= =           (27-1) 


 
Angular momentum is conserved since there is no external torque acting on the system.  Therefore,  
 


I Iω ω′ ′=                   (27-2) 
 


Since the corridors are long, we can consider the astronauts to be point masses.  So, with r = the 
distance from the central hub to the living modules, m = the mass of one astronaut, and with two 
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living modules each with N astronauts originally, we find that the rotational inertia before the 
astronauts move is 
 


22I Nmr=                                      (27-3) 
 
 


After the two astronauts climb into the central hub, 
 


22( 1)I N mr′ = −                              (27-4) 
 


When we substitute (27-3) and (27-4) into (27-2) we obtain 
 


2 22 2( 1)Nmr N mrω ω′= −                (27-5) 
 


1
N


N
ω
ω
′
=


−
                                        (27-6) 


 
Finally, substituting (27-6) into (27-1), we find 
 
 


2 2


1
g N
g N


ω
ω


′ ′⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠
                     (27-7) 


 
 


28.    For static equilibrium in an accelerated reference frame, we need to calculate torques about the 
center of mass.  Let N1 be the normal force on the front tire and N2 the normal force on the rear tire.  
Let f1 be the force of friction on the front tire and f2 the force of friction on the rear tire.  If the front 
tire just barely remains in contact with the ground then N1 = f1 = 0.   
 
Then setting the counter-clockwise torque due to friction on the rear tire = the clockwise torque due to 
the normal force on the rear tire, we have 
 


2 2 2
wf h N=                                       (28-1) 


 
Substituting 2 2f Nµ= into (28-1), 
 


2 2 2
wN h Nµ =                                       (28-2) 
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2
w
h


µ =                                               (28-3) 


 
29 – 30.  Applying Newton’s Second Law to the horizontal direction, 
 


1 2f f Ma+ =                                       (29-1) 
 


Setting clockwise torque = counterclockwise torques: 
 


2 1
1 2( )


2 2
N w N w f f h= + +                       (29-2) 


 
Substituting (28-4) into (28-5) and solving for a, 
 


2 1( )
2
wMah N N= −                                (29-3) 


 
2 1( )


2
N Nwa


Mh
−


=                                     (29-4) 


 
The maximum acceleration will clearly occur when N1=0.  In that case, N2 = Mg, and 
 
 


2
w ga


h
=                                                  (29-5) 


 
(This is the answer to question 29.  Note that this answer did not depend at all upon whether the 
coefficient of sliding friction for each tire and the ground is the same or different.  Therefore, this is 
the answer to question 30 also.) 
 
31. The rotational inertia of a thin, uniform rod about its center is 
 


21
12cmI mL=                                          (31-1) 


 
We are given that the rotational inertia of the rod about its center is md2.  Setting this expression equal 
to (31-1), we obtain 
 


2 21
12


md mL=                                          (31-2) 
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Therefore,  
 


2 212L d=                                                  (31-3) 
 


and 
 


12 2 3L
d
= =                                         (31-4) 


 
32. The torque due to gravity is the same as if the entire mass were located at the center of mass.  
Therefore, the gravitational torque on the rod about an axis through the suspension point a distance kd 
from the center when the rod making an angle θ  to the vertical is 
 


sinp mgkdτ θ= −                                       (32-1) 
 


where the subscript p denotes the pivot point.  We now need the parallel axis theorem to find the 
rotational inertia about the pivot point. 
 


2 2 2( )p cmI I mh md m kd= + = +                 (32-2) 
 


2 2(1 )pI md k= +                                        (32-3) 
 


Now, apply the rotational analogue of Newton’s Second Law to the axis through the pivot point.  
Noting that the force of the pivot does not exert a torque about an axis through the pivot and using 
equations (32-1) and (32-3), we find 
 


p pIτ α=                                                    (32-4) 
 


2
2 2


2sin (1 ) dmgkd md k
dt
θθ− = +                 (32-5) 


 
For small oscillations, sinθ θ≈ .  Therefore,  
 


2


2 2(1 )
d gk
dt d k
θ θ= −


+
                                  (32-6) 
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Since an object oscillates with angular frequency ω  when the object’s motion is governed by the 
differential equation 
 


2
2


2


d
dt
θ ω θ= −                                            (32-7) 


 
we find that 
 


2 2(1 ) 1
gk k g


d k k d
ω = =


+ +
               (32-8) 


 
g
d


ω β=                                                (32-9) 


 
where 
 


                                             21
k
k


β =
+


                                            (32-10) 


 
33. To find the value of k that gives the maximum value ofβ , square equation (32-10) and then 
differentiate both sides with respect to k. 
 


2 2


2 2 2 2


(1 ) (2 ) 12
(1 ) (1 )


d k k k k
dk k k
ββ + − −
= =


+ +
    (33-1) 


 


0d
dk
β
=   when k = 1                              (33-2) 


 
Substituting k = 1 into (32-10), we find that  


 
1
2


β =                                                  (33-3) 


 
 
34 – 36.   Since the velocity is perpendicular to the rope, the rope does not do any work on the object.  
Since the object is moving on a horizontal frictionless surface, the net work done on the object is zero 
and therefore the change in kinetic energy of the object is zero. 
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Thus, the kinetic energy of the object at the instant that the rope breaks is the same as the initial 
kinetic energy of the object: 
 


2
0


2
mvK =                                                   (34-1) 


 
(This is the answer to #35.) 
 
Therefore, the speed of the object is always v0.  The angular momentum of the object with respect to 
the axis of the cylinder is 
 


0L mv r=                                                     (34-2) 
 
where r is the radius of the circular orbit (which is the length of the not yet wound rope.) 
 
At the time that the rope breaks, the tension is 
 


2
0


max
mvT


r
=                                                    (34-3) 


 
Solve equation (34-3) for r  
 


2
0


max


mvr
T


=                                                        (34-4) 


 
(This is the answer to #36.) 
 
Substitute (34-4) into (34-2). 
 


2 3
0


max


m vL
T


=                                                       (34-4) 


 
(This is the answer to #34.) 
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37 – 38.  The cord breaks when it has exceeded a certain tension, which happens when it exceeds a 
certain potential energy, U0.  For the inelastic collision, when the cord is slack, we use conservation of 
momentum 
 


0 4mv mv′=                                                   (37-1) 
 


0


4
vv′ =                                                          (37-2) 


 
The kinetic energy of the two masses immediately after the collision is 
 


2
0


1 8
mvK =                                                       (37-3) 


 
All of this kinetic energy gets transferred into potential energy so we know that the cord breaks when 
 


2
0


0 1 8
mvU K= =                                               (37-4) 


 
Now for the elastic collision:  First, find the velocities of each mass immediately after the collision 
while the cord is slack.  The easy way to do this is to find that the velocity of the center of mass is 


 
 


0


4cm
vv =                                                          (37-5) 


 


Then in the center of mass reference frame, before the collision the velocity of m is 03
4
v  and the 


velocity of 3m is 0


4
v− .  In a one-dimensional elastic collision, in the center of mass reference frame, 


each block’s velocity after the collision is the same magnitude, but in the opposite direction, of its 
velocity before the collision.  So the velocity of the 3m object right after the collision in the center of 


mass reference frame is 0


4
v+ .  Using (37-5) to transform back to the lab reference frame, we find that 


the velocity of the 3m object immediately after the collision is 0


2
v  and therefore its kinetic energy 


immediately after the collision (while the cord is still slack) is 
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2
0


2
3


8
mvK =                                               (37-6) 


 
But since we know that the cord breaks, we know that U0 of the kinetic energy of the 3m block will be 
consumed by the cord.  Therefore, the final kinetic energy of the 3m block, using conservation of 
energy along with equations (37-4) and (37-6) is 
 


2 2 2
0 0 0


3 2 1
3


8 8 4
mv mv mvK K K= − = − =         (37-7) 


 
Now we can find that 
 
 


2 2
0


3


3
2 4


fmv mvK = =                                       (37-8) 


 


0


1
6


fv
v


=                                                       (37-9) 


 
The velocity of the object of mass m in the center of mass reference frame immediately after the 


collision was 03
4
v− .  Transforming back to the lab reference frame, we find that the mass m has a 


velocity after the collision of 0


2
v .  Therefore, the kinetic energy of m after the elastic collision is 


 
2
0


4 8
mvK =                                                        (37-10) 


 
The total kinetic energy of the system after the elastic collision and the cord is broken, using (37-7) 
and (37-10) is 
 


2 2 2
0 0 0


3 4
3


8 4 8
mv mv mvK K+ = + =                          (37-11) 


 
So, the ratio of the total kinetic energy of the system after the elastic collision and the cord is broken 
to the initial kinetic energy of the smaller mass prior to the collision is 
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2
0


2
0


3
38
4


2


mv


mv
=                          (37-12) 


 
 


 
 


 
 


 
 
 


 
 


 
 


 
 
 
 
 
 
 
 


 
 
 


 








 


 
2007 Semi-Final Exam 


 
INSTRUCTIONS 


DO NOT OPEN THIS TEST UNTIL YOU ARE TOLD TO BEGIN 
 
• Work Part A first.  You have 90 minutes to complete all four problems. 
• After you have completed Part A, you may take a break. 
• Then work Part B.  You have 90 minutes to complete both problems. 
• Show all your work.  Partial credit will be given. 
• Start each question on a new sheet of paper.  Be sure to put your name in the upper right-


hand corner of each page, along with the question number and the page number/total pages 
for this problem.  For example,  


 Doe, Jamie 
 A1  –  1/3 
• A hand-held calculator may be used.  Its memory must be cleared of data and programs.  You 


may use only the basic functions found on a simple scientific calculator.  Calculators may not 
be shared.  Cell phones, PDA’s, or cameras may not be used during the exam or while the 
exam papers are present. You may not use any tables, books, or collections of formulas.   


• Questions with the same point value are not necessarily of the same difficulty. 
• Do not discuss the contents of this exam with anyone until after March 27th. 
• Good luck! 
   
 


Possibly Useful Information - (Use for both part A and for part B) 
Gravitational field at the Earth’s surface g = 9.8 N/kg 
Newton’s gravitational constant G = 6.67 x 10-11 N·m2/kg2


Coulomb’s constant k = 1/4πεο = 8.99 x 109 N·m2/C2


Biot-Savart constant km = µο/4π = 10-7 T·m/A 
Speed of light in a vacuum c = 3.00 x 108 m/s 
Boltzmann’s constant kB = 1.38 x 10-23 J/K 
Avogadro’s number NA = 6.02 x 1023 (mol)-1


Ideal gas constant R = NAkB = 8.31 J/(mol·K) 
Stefan-Boltzmann constant σ  = 5.67 x 10-8 J/(s·m2·K4) 
Elementary charge e  = 1.602 x 10-19 C 
1 electron volt 1 eV = 1.602 x 10-19 J  
Planck’s constant h = 6.63 x 10-34 J·s = 4.14 x 10-15 eV·s 
Electron mass m = 9.109 x 10-31 kg = 0.511 MeV/c2


Binomial expansion   (1 + x)n ≈ 1 + nx        for  |x| << 1 
Small angle approximations sin θ ≈ θ 
 cos θ ≈ 1 – 1/2 θ 2
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Semi-Final Exam 
Part A 


 
A1.  A group of 12 resistors is arranged along the edges of a cube as shown in the diagram below. 
The vertices of the cube are labeled a-h. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 


a b 


c d 


f 


g h 


e  
 
 


a. (13 pts) The resistance between each pair of vertices is as follows: 
 


Rab = Rac = Rae = 3.0 Ω 
 
Rcg = Ref = Rbd = 8.0 Ω 
 
Rcd = Rbf = Reg = 12.0 Ω 
 
Rdh = Rfh = Rgh = 1.0 Ω 
 
What is the equivalent resistance between points a and h? 


 
b. (12 pts) The three 12.0 Ω resistors are replaced by identical capacitors. Ccd = Cbf = Ceg = 


15.0 μF. A 12.0 V battery is attached across points a and h and the circuit is allowed to 
operate for a long period of time. What is the charge (Qcd, Qbf, Qeg) on each capacitor 
after this long period of time? 
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A2.  A simple gun can be made from a uniform cylinder of length L0 and inside radius rc.  One 
end of the cylinder is sealed with a moveable plunger and the other end is plugged with a 
cylindrical cork bullet.  The bullet is held in place by friction with the walls of the cylinder.  
The pressure outside the cylinder is atmospheric pressure, .  The bullet will just start to slide 
out of the cylinder if the pressure inside the cylinder exceeds . 


0P


crP
 
a.   There are two ways to launch the bullet: either by heating the gas inside the cylinder and 
keeping the plunger fixed, or by suddenly pushing the plunger into the cylinder.  In either case, 
assume that an ideal monatomic gas is inside the cylinder, and that originally the gas is at 
temperature , the pressure inside the cylinder is , and the length of the cylinder is   0T 0P 0.L


 
(8 pts)     i.   Assume that we launch the bullet by heating the gas without moving the plunger.  


Find the minimum temperature of the gas necessary to launch the bullet.  Express 
your answer in terms of any or all of the variables: and . 0 0 0, , , ,cr T L P crP


 
(8 pts)     ii.  Assume, instead that we launch the bullet by pushing in the plunger, and that we 


do so quickly enough so that no heat is transferred into or out of the gas.  Find the 
length of the gas column inside the cylinder when the bullet just starts to move.  
Express your answer in terms of any or all of the variables: and . 0 0 0, , ,cr T L P crP


 
b.   (9 pts) It is necessary to squeeze the bullet to get it into the cylinder in the first place.  The 
bullet normally has a radius  that is slightly larger than the inside radius of the cylinder; 


, is small compared to .  The bullet has a length  The walls of the cylinder 
apply a pressure to the cork bullet.  When a pressure is applied to the bullet along a given 
direction, the bullet’s dimensions in that direction change by 


br


b cr r r− = Δ cr 0.h L
P


x P
x E
Δ −


=  


 
for a constant E known as Young’s modulus.  You may assume that compression along one 
direction does not cause expansion in any other direction.  (This is true if the so-called Poisson 
ratio is close to zero, which is the case for cork.) 
 
If the coefficient of static friction between the cork and the cylinder is μ , find an expression 
for .  Express your answer in terms of any or all of the variables: crP 0 , , , , ,P h E rμ Δ and . cr
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A3.   A volume fV  of fluid with uniform charge density ρ  is sprayed into a room, forming 
spherical drops.  As they float around the room, the drops may break apart into smaller drops 
or coalesce into larger ones.  Suppose that all of the drops have radius R.  Ignore inter-drop 
forces and assume that  3.fV R


 
(10 pts)   a. Calculate the electrostatic potential energy of a single drop.  (Hint: suppose the 


sphere has radius r.  How much work is required to increase the radius by dr?). 
 
(4 pts)   b.   What is the total electrostatic energy of the drops? 


 
Your answer to (b) should indicate that the total energy increases with R.  In the absence of 
surface tension, then, the fluid would break apart into infinitesimally small drops.  Suppose, 
however, that the fluid has a surface tension γ .  (This value is the potential energy per unit 
surface area, and is positive.) 


 
(4 pts)   c.  What is the total energy of the drops due to surface tension? 
 
(7 pts)   d.  What is the equilibrium radius of the drops? 
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A4.   A nonlinear circuit element can be made out of a parallel plate capacitor and small balls, 
each of mass m, that can move between the plates.  The balls collide inelastically with the 
plates, dissipate all kinetic energy as thermal energy, and immediately release the charge they 
are carrying to the plate.  Almost instantaneously, the balls then pick up a small charge of 
magnitude q from the plate; the balls are then repelled directly toward the other plate under 
electrostatic forces only.  Another collision happens, kinetic energy is dissipated, the balls give 
up the charge, collect a new charge, and the cycle repeats.  There are n0 balls per unit surface 
area of the plate.  The capacitor has a capacitance C.  The separation d between the plates is 
much larger than the radius r of the balls.  A battery is connected to the plates in order to 
maintain a constant potential difference V.  Neglect edge effects and assume that magnetic 
forces and gravitational forces may be ignored.


 
(5)     a. Determine the time it takes for one ball to travel between the plates in terms of any or 


all of the following variables: m, q, d, and V. 
 
(5)     b.   Calculate the kinetic energy dissipated as thermal energy when one ball collides 


inelastically with a plate surface in terms of any or all of the following variables: m, 
q, d, and V. 
 


(5)     c. Derive an expression for the current between the plates in terms of the permittivity of 
free space, 0ε , and any or all of the following variables: m, q, n0, C, and V. 
 


(5)     d. Derive an expression for the effective resistance of the device in terms of 0ε , and any 
or all of the following variables: m, q, n0, C, and V.  


 
(5)     e. Calculate the rate at which the kinetic energy of the balls is converted into thermal 


energy in  terms of 0ε , and any or all of the following variables: m, q, n0, C, and V.  
  
 







 


Copyright © 2007, American Association of Physics Teachers 
 


 
Semi-Final Exam 


Part B 
 
  


B1.  A certain mechanical oscillator can be modeled as an ideal massless spring connected to a 
moveable plate on an incline.  The spring has spring constant k, the plate has mass m, and the 
incline makes an angle θ  with the horizontal.  When the system is operating correctly, the 
plate oscillates between points A and B in the figure, located a distance L apart.  When the plate 
reaches point A it has zero kinetic energy, but then trips a small lever that instantaneously loads 
a block of mass M onto the plate.  The block and plate then move down the incline to point B, 
where the force from the spring stops the plate.  At this point, the block falls through a hole in 
the incline, allowing the plate to move back up under the force of the spring.  Upon returning 
to point A it collects another block, and the cycle repeats. Both the plate and the block have a 
coefficient of friction μ with the incline for both kinetic and static friction.  It is reasonable that 
the motion in either direction is simple harmonic in nature. 
 
 


 
 
 
 
(10 pts)   a.   Let cμ be the critical value of the coefficient of friction where the block will just 


start to slide under the force of gravity on an incline (without the spring acting on 


it).  Then let 
2


cμμ = .  Find μ  in terms of g, the acceleration of free fall, and any 


or all of the following variables: θ  and M. 
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(14 pts)   b. In order for this system to work correctly, it is necessary to have the correct ratio 


between the mass of the block and the mass of the plate.  These masses are chosen 
so that the downward moving block and plate just stop at point B while the 


upward moving plate just stops at point A.  Find the ratio .MR
m


=  


 
(13 pts)   c. The system delivers blocks to point B with period , until the blocks run out.  


After that, the plate alone oscillates with a period T


0T


′ .  Find the ratio 0T
T ′


. 


 
(13 pts)   d. The plate only oscillates a few times after delivering the last block.  At what 


distance up the incline, measured from point B, does the plate come to a 
permanent stop? 
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B2. A model of the magnetic properties of materials is based upon small magnetic moments 
generated by each atom in the material.  One source of this magnetic moment is the magnetic 
field generated by the electron in its orbit around the nucleus.  For simplicity, we will assume 
that each atom consists of a single electron of charge –e and mass , a single proton of charge 
+e and mass , and that the electron orbits in a circular orbit of radius R about the 
proton. 


em


pm m


 
a. Magnetic Moments. 
   
Assume that the electron orbits in the x-y plane. 
 
(3 pts)   i.   Calculate the net electrostatic force on the electron from the proton.  Express your 


answer in terms of any or all of the following parameters: e, ,  R, and the 
permittivity of free space, 


em ,pm


0ε , where 


0
1


4 k
ε


π
= . 


   (k is the Coulomb’s Law constant). 
 


(5 pts)   ii.  Determine the angular velocity 0ω of the electron around the proton in terms of 
any or all of the following parameters: e, , R, and em 0ε . 


 
(8 pts)   iii.  Derive an expression for the magnitude of the magnetic field eB due to the orbital 


motion of the electron at a distance from the x-y plane along the axis of 
orbital rotation of the electron.  Express your answer in terms of any or all of the 
following parameters: e, , R, 


z R


em 0ω , and the permeability of free space ,z 0μ . 
 


(4 pts)   iv.  A small bar magnet has a magnetic field far from the magnet given by 
0


3 ,
2


mB
z


μ
π


=  


 where z is the distance from the magnet on the axis connecting the north and 
south poles, m is the magnetic dipole moment, and 0μ is the permeability of free 
space.  Assuming that an electron orbiting a proton acts like a small bar magnet, 
find the dipole moment m for an electron orbiting an atom in terms of any or all of 
the following parameters: e, , R, andem 0ω . 
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b. Diamagnetism. 
 
We model a diamagnetic substance to have all atoms oriented so that the electron orbits are in 
the x-y plane, exactly half of which are clockwise and half counterclockwise when viewed 
from the positive z axis looking toward the origin.  Some substances are predominantly 
diamagnetic.   


 
(3 pts)   i.   Calculate the total magnetic moment of a diamagnetic substance with N atoms.  


Write your answer in terms of any or all of the following parameters: 
and , , ,ee m R N 0.μ  


 
(6 pts)   ii.   An external magnetic field 0 0 ˆB B z= is applied to the substance.  Assume that the 


introduction of the external field doesn’t change the fact that the electron moves 
in a circular orbit of radius R.  Determine ωΔ , the change in angular velocity of 
the electron, for both the clockwise and counterclockwise orbits.  Throughout this 
entire problem you can assume that 0ω ωΔ .  Write your answer in terms of 


and, ee m , 0B only. 
 


(6 pts)   iii.  Assume that the external field is turned on at a constant rate in a time interval tΔ .  
That is to say, when 0t = the external field is zero and when the external 
field is 


t = Δt


0.B  Determine the induced emf E experienced by the electron.  Write your 
answer in terms of any or all of the following parameters: , , , ,ee m R N 0B , 0ω , and 


0.μ  
 


(6 pts)   iv.  Verify that the change in the kinetic energy of the electron satisfies E.  
This justifies our assumption in (ii) that R does not change. 


K eΔ =


 
(6 pts)   v.  Determine the change in the total magnetic moment mΔ for the N atoms when the 


external field is applied, writing your answer in terms of 0, , , ,ee m R N μ and 0.B  
 


(3 pts)   vi.  Suppose that the uniform magnetic field used in the previous parts of this problem 
is replaced with a bar magnet. Would the diamagnetic substance be attracted or 
repelled by the bar magnet?  How does your answer show this? 
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2007 Semifinal Exam Solutions 1


AAPT UNITED   STATES   PHYSICS   TEAM
AIP 2007


Solutions to Problems


Part A


Question 1


a. There is a high degree of symmetry present. Points b, c, and e are at the same potential;
similarly, points d, f , and g are at the same potential. The circuit then reduces to a series
connection of three parallel resistor clusters.


The three parallel clusters have effective resistances of 1 Ω, 8/5 Ω, and 1/3 Ω. The effective
resistance of the circuit is then 44/15 Ω.


b. After a long time no current will flow through the branches of the circuits containing capaci-
tors. The circuit then reduces to a parallel connection of three series resistor clusters.


The effective resistance of the circuit is 4 Ω, the current through the circuit is then


(12 V)/(4 Ω) = 3 A. (A1-1)


The three branches are identical; each then carries 1 A.


The potential drop across each capacitor is the same as the potential drop across the 8 Ω
resistors, so


VC = (1 A)(8 Ω) = 8 V. (A1-2)


Finally, the charge on each capacitor is


Q = (15 µF)(8 V) = 120 µC. (A1-3)


Question 2


a. Two parts, solved individually.


i. Isochoric compression:
Pf


Pi
=


Tf


Ti
, (A2-1)


so
T =


Pcr


P0
T0. (A2-2)
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ii. Adiabatic compression:
PV γ = const, (A2-3)


where γ = CP /CV = (CV + 1)/CV = 5/3 for a monatomic gas. Consequently


P0L
γ
0 = PcrL


γ , (A2-4)


and then


L = L0


(
P0


Pcr


)5/3


. (A2-5)


b. The normal pressure on the bullet comes from


P =
δr


rc
E. (A2-6)


Therefore, the normal force on the bullet is


FN =
δr


rc
E × (2πrch), (A2-7)


and finally the force of friction is µFN . The force due to the pressure difference between the
inside of the barrel and the outside must equal the normal force, so


(πr2
c )(Pcr − P0) = 2πhµ δr E, (A2-8)


and then
Pcr = P0 +


2µEh


r2
c


δr. (A2-9)


Question 3


a. If the sphere has radius r, it has charge


q =
4
3
πρr3 (A3-1)


and thus its surface is at electrostatic potential


V =
q


4πε0r
=


ρr2


3ε0
(A3-2)


To increase the radius by dr, an additional charge dq = 4πr2dr must be brought in from
infinity, requiring work


dU = V dq =
4πr4ρ2


3ε0
dr (A3-3)


Thus to grow the sphere from r = 0 to r = R requires


U =
∫ R


0


4πr4ρ2


3ε0
dr =


4πR5ρ2


15ε0
(A3-4)
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b. Each drop has volume Vd = 4
3πR3, so the number of drops is


n =
Vf


Vd
=


Vf
4
3πR3


(A3-5)


Since we are ignoring inter-drop forces, the total energy of the drops is simply the sum of the
energies of each individual drop:


Ue,tot = nU =
Vf


4
3πR3


4πR5ρ2


15ε0
=


R2ρ2


5ε0
Vf (A3-6)


c. Each drop has surface area 4πR2 and thus surface tension energy 4πR2γ. As before, the total
energy due to surface tension is just the sum of the energies of the individual drops:


Us,tot = 4πR2γn = 4πR2γ
Vf


4
3πR3


=
3γ


R
Vf (A3-7)


d. The total potential energy from both sources is


Utot =


(
R2ρ2


5ε0
+


3γ


R


)
Vf (A3-8)


Equilibrium is reached when the total energy is a minimum; since U → ∞ at both R → 0
and R→∞, it must have an interior minimum.


d


dR
Utot =


(
2Rρ2


5ε0
− 3γ


R2


)
Vf (A3-9)


Setting this equal to zero,
2Rρ2


5ε0
=


3γ


R2
(A3-10)


R3 =
15γε0
2ρ2


(A3-11)


R =
(


15γε0
2ρ2


) 1
3


(A3-12)


Question 4


a. The electric field between the plates is given by E = V/d. The force on the charged ball is
then F = Eq = V q/d. The acceleration of the ball is a = V q/md.


Kinematics gives us d = at2/2 for the time of flight. So


t =
√


2d/a =
√


2md2/qV . (A4-1)


b. The kinetic energy collected by a ball will be K = qV as it moves between the plates. That’s
what will be dissipated.
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c. The current is given by I = ∆Q/∆t. The total number of balls is N = n0A, where A is the
surface area of a plate. The charge ∆Q is then ∆Q = n0qA, so the current is


I =
∆Q


∆t
=


n0qA√
2md2/qV


. (A4-2)


We can’t stop here, since this is not in terms of the allowed variables. The problem is A and
d, but since C = ε0A/d, we have


I =
n0qA√


2md2/qV
, (A4-3)


=
A


d
n0q


√
qV


2m
, (A4-4)


=
C


ε0
n0q


√
qV


2m
. (A4-5)


d. R = V/I, so


R =
V


I
=


ε0V


Cn0q


√
2m


qV
. (A4-6)


We can simplify, slightly, with


R =
ε0


Cn0q


√
2mV


q
. (A4-7)


e. P = V I, so


P = V
C


ε0
n0q


√
qV


2m
=


√
ε02n0


2C2q3V 3


2m
. (A4-8)


Part B


Question 1


a. To not slip, from a free-body diagram, we must have


µmg cos θ ≥ mg sin θ (B1-1)


so
µ ≥ tan θ. (B1-2)


Therefore µc = tan θ and hence


µ =
tan θ


2
. (B1-3)


b. In one cycle the energy input into the system is


MgL sin θ, (B1-4)


the energy of the block dropping.
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The energy loss on the way up is
Lµmg cos θ (B1-5)


and the energy loss on the way down is


Lµ(m + M)g cos θ (B1-6)


Thus
MgL sin θ = Lµmg cos θ + Lµ(m + M)g cos θ (B1-7)


and since 2µ cos θ = sin θ,


M =
m


2
+


m + M


2
, (B1-8)


= 2m, (B1-9)
R = M/m = 2. (B1-10)


c. The period of a mass m oscillating on a spring of spring constant k is


T = 2π


√
m


k
. (B1-11)


In this case, the friction force is constant on both the up and down trips, and so each trip is
simple harmonic (with different equilibrium points). Hence


T0 = π


√
m


k
+ π


√
3m


k
, (B1-12)


T ′ = 2π


√
m


k
, (B1-13)


T0/T ′ =
1 +


√
3


2
. (B1-14)


d. As mentioned in part (c), both the up and down trips are simple harmonic, this time with
a mass of m both ways. The equilibrium points for the two trips are different, however. On
the up trip, the equilibrium point is clearly at a distance L/2 from B, since the plate stops
at both B and A and hence those are the endpoints of the oscillation and the equilibrium is
halfway between. For the trip down, the equilibrium point will shift by a distance y such that


ky = 2µmg cos θ = mg sin θ (B1-15)


because 2µmg cos θ is the difference between the friction forces on the trip up and the trip
down.


The place where the plate finally comes to a stop is the first place that is at the end of an
oscillation (either up or down) and where the total force being exerted by gravity and the
spring is less than the maximal force of friction. For that to happen, the plate needs to not
have gone past the other equilibrium point during that oscillation.


So we start by determining where the endpoints of the oscillations are. For the first trip up
these are B and A. For the following trip down, the plate stops at a distance of (2mg sin θ)/k
from B (because the equilibrium shifts up by (mg sin θ)/k. For the following trip up, the
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plate stops a distance L − (2mg sin θ)/k from B, since the equilibrium point is again in the
middle of the incline. And so forth.


Thus the stopping points are located at


n(2mg sin θ)/k and L− n(2mg sin θ)/k (B1-16)


for integer n. The plate will stop permanently once either


n(2mgsin)/k > L/2 (B1-17)


or
L− n(2mg sin θ)/k < L/2 + (mg sin θ)/k, (B1-18)


whichever happens first. (The first condition corresponds to going down and ending up above
the midpoint at the end of the down trip, the second condition corresponds to going up and
stopping below the upper equilibrium.) The second condition can be rewritten as(


n +
1
2


)
(2mg sin θ)/k > L/2. (B1-19)


Question 2


a. Magnetic Moments


i. From Coulomb’s Law,


F =
e2


4πε0R2
(B2-1)


ii. For circular motion,


F =
mev


2


R
= meRω2


0, (B2-2)


The force is provided by the Coulomb force, so


meRω2
0 =


e2


4πε0R2
, (B2-3)


ω0 =


√
e2


4πε0meR3
(B2-4)


iii. From the law of Biot and Savart,


~Be =
µ0i


4π


∮
d~s× ~r


r3
, (B2-5)


Be =
µ0i


4π
2πR


R


(z2 + r2)3/2
, (B2-6)


≈ µ0iR
2


2z3
. (B2-7)


For the current, i, we can write
i =


q


t
=


eω0


2π
. (B2-8)


Then


Be =
µ0eω0R


2


4πz3
. (B2-9)
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iv. By substitution,


m =
eω0R


2
. (B2-10)


b. Diamagnetism


i. If half go one way and half go the other, M = 0.


ii. Additional force from magnetism,


FB = qvB0 = eRωB0 (B2-11)


modifies previous central force problem to give


meRω2 =
e2


4πε0R2
± eRω0B0, (B2-12)


where the positive sign corresponds to anticlockwise motion, the negative to clockwise
motion.
A little math,


meR(ω2 − ω2
0) = ±eRωB0, (B2-13)


me(ω − ω0)(ω + ω0) = ±eωB0, (B2-14)
me(∆ω)(2ω0) = ±eω0B0, (B2-15)


where in the last line we have used the approximation ω ≈ ω0. Then


∆ω = ± eB0


2me
. (B2-16)


iii. The emf is given by


E = n
∆Φ
∆t


=
∆n


∆t
Φ, (B2-17)


but ∆n/∆t is a measure of the number of turns made by the electron in a time interval
∆t, so


∆n


∆t
=


ω0R


2πR
=


ω0


2π
. (B2-18)


Then
E =


ω0


2π
B0πR2 =


1
2
ω0b0R


2. (B2-19)


iv. The change in kinetic energy is given by


∆K = ∆
(


1
2
meω


2R2
)


, (B2-20)


= meR
2ω ∆ω, (B2-21)


≈ meR
2ω0 ∆ω, (B2-22)


= meω0R
2
(
± eB0


2me


)
, (B2-23)


= eE . (B2-24)
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v. ∆M = Nδm, where N is the number of atoms, and ∆m the change in magnetic moment
in each. The change is


∆m = ∆
(


eω0R


2


)
. (B2-25)


=
eR


2
∆ω, (B2-26)


=
e2R2B0


4me
, (B2-27)


so


∆M = N
e2R2B0


4me
. (B2-28)


vi. Repelled, by Lenz’s law.
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