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 In the circuit shown in the diagram, the current in the solenoid (a long solenoid 

oriented perpendicular to the figure) is in the direction shown and is increasing linearly 

with time.  The battery has a voltage equal to the emf of a loop around th
e solenoid.  The
 

 bulbs are all the same and, for 

calibration, one bulb connected to the 

battery has brightness B1, two bulbs in 

series connected to the battery have 

brightness B2, three have B3, etc.  The 

internal resistance of the battery is 

much less th
an the resistance of the 

bulbs.
 

 

 

 

 

 


 
 (a)  Give the brightness of each bulb
 
  
  
  
(13 % correct)
 

 for the circuit as shown.                             
 


 
 For each of the following parts, give the 

brightness of each bulb when the indicated 

alteration is made o
n the original circuit:
 


 
 (b)  Bulb #1 is unscrewed.
 
  
  
  
 
 (46 % correct)
 

 
 (c)  Bulb #2 is unscrewed.
 
  
  
  
 
 (69 % correct)
 

 
 (d)  The wire is cut at C.
 
  
  
  
  
 
 (81 % correct)
 

 
 (e)  The circuit is shorted from A to B 
 
  
  
 
 (26 % correct)
 


 by a wire around the right s
ide of 
 

 the circuit.
 


 
 (f)  The circuit is shorted from A to B 
 
  
  
 
 (61 % correct)
 

 by a wire around the left side of the 
 

 circuit.
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 In the diagram, electric field lines are shown for some region of space in which there are 

t
wo point charges.  Three locations are labeled A, B, & C.  A & C are the same distance 

from the top charge.
 

 

a)  The field line that runs through locations A and B 
 

represents the electric field due to (circle one of the 
 

following): 
 

 

i) the top charge on
ly; ii) the bottom charge only; 
 

iii) both charges
 

 

b)Compare the 
magnitude of the net electric field
 at the
 

 following pairs of locations:
 

 
 --
at A & B.  Explain your reasoning.
 

 

 

 
 --
at A & C.  Explain your reasoning.
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a)  Suppose there is a point charge inside a 3
-
dimensional

spherical boundary, as shown.  Suppose the boundary then

expands to five times its origin
al radius, as shown in the

second diagram.  Compare the
 amount of flux through

the boundary
 in the two cases.
  Explain your reasoning.


                    Response
       Correct            Incorrect

                                        Reasoning
    Reasoning


               1 = 2 (correct)          62                     1

               1 > 2                          6                      5

               1 < 2                          1                     25


b)  Suppose there is a point charg
e enclosed by an

imaginary cylindrical surface, as shown.  Suppose a

second point charge is brought near the outside of the

surface on the left, as shown in the second diagram.

Compare the
 amount of flux through the cylinder
 in the

two cases.
  Explain your
 reasoning.


                    Response
       Correct            Incorrect

                                        Reasoning        Reasoning


               1 = 2 (correct)          74                     4

               1 > 2
 7                     4

               1 < 2                          0                     8
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Shown below is an imaginary surface that intersects an infinite sheet of negative 

charge.  Compare the flux over the right side of the surface to the flux over the left 

side.  Explain your reasoning.
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a)
 
 L is greater than R          
 

b)
 
 L is equal to R
 

c)
 
 L is less than R
 

d)
 
 It depends on the 


angle at which the 

right side is 

slanted
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The surfaces A and B enclose a 3
-
dimensional volume.  How does the amount of flux

over the flat surface, A, compare to the flux over the curved surface, B, as shown?

Explain your reasoning.


   (Students’ responses)

A greater than B
 (12 %)

A equals B
 (80 %)

A less than B
 (8 %)


A greater than B
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A equals B
 (69 %)

A less than B
 (22 %)


A greater than B
 (10 %)

A equals B
 (25 %)

A less than B
 (66 %)
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In each case below, there are point charges inside or outside of a 3
-
dimensional

boundary (either a sphere or a cube).  For each question, circle whether the
 amount of

flux through the boundary
 shown in A is greater than, equal to, or less than the flux

through that shown in B.
  In each case, explain your reasoning.


CASE 1
 (Students’ responses)

A greater than B
 (2 %)

A equals B
 (89 %)

A less than B
 (10 %)


CASE 2

A greater than B
 (28 %)

A equals B
 (56 %)

A less than B
 (16 %)
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1.)  Given the materials shown, can you light the light

bulb?


If you
r answer is “Yes.”

a)
 Draw a diagram showing how it can be done.

b)
 Explain, as best you can, the physics of why


this would work.


If your answer is “No.”

Explain, as best you can, the physics of why it is not

possible.
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If your answer is “Yes.”

a) Draw a diagram showing how it can be done.

b) Explain, as best you can, the physics of why


this would work.


If your answer is “No.”

Explain, as best you can, the physics of why it is not

possible.
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For each case below, state whether you think the light bulb would be lit and explain in

detail why you think this.


a) Magnet at rest inside
 loop of wire connected to bulb:


Students’ responses:


  6 % Yes

92 % No

(2 % No answer)


b) Battery connected to bulb:


100 % Yes

    0 % No

(0 % No Answer)


c) Magnet connected
 to bulb:


38 % Yes

60 % No

(2 % No answer)


d) Magnet moving back and forth inside loop of wire connected to bulb:


66 % Yes

29 % No

(5 % No Answer)


�)s }�oRd g � w � � � m'g d h s e�l � e fKk/�Rd g � � g h ��}�s p�g lLk��'� �Rg�
]g }�s lRlRs lR}/e�f?� �Rg-� e�oRd h g
e�lLg j g � � d s � s � u
k�lRr�{Lk�}�lRg � s h { � e�s l�p�g h � s }�k � g�h � oRrRg l�� h �Dk ~Dk�d g lRg h hLe�f
� �Rg��R�Rg lRe�{Lg lRe�l�e f-{Lk�}�lRg � s �
s lRrRoR� � s e�l?w ��� oRrRg l�� h �]d g h �?e�lRh g h�k�d g-j s h � g rLs lG�Rk�d g l�� �Rg h g h q]k�j � �Re�oR}��G� e�d d g � �
k�lRh ~�g d h�rRe
lRe �
lRg � g h h k�d s j u�s {L�Rj u+� �Rk��
h � oRrRg l�� h
}�k p�g/� e�d d g � �-d g k�h e�lRs lR}Rw

� �



� �Rg0h � oRrRg l�� h � 
 �Ge f ���(� �Dh k�s r�u�e�o�~De�oRj r�lRg g r�kL� oRd d g l��-h e�oRd � g�q?k�
]e�o8� � 
 � h k�s r�u�e�o
� e�oRj r�rRe�s ��
�u3� e�lRlRg � � s lR}G� �Rg+{Lk�}�lRg �/k�h-u�e�o�~�e�oRj r3k�
Rk � � g d u � s w g w+� �Rg+{Lk�}�lRg �/s h-k

h o��L� s g l��+� oRd d g l��Lh e�oRd � g � q'k�
]e�o8� ��� � h k�s r�u�e�o�� e�oRj r�rRe�s ��
Ro8�+}�k p�gGs lR� e�{L�Rj g � g+e�d

s lR� e�d d g � ��~Dk uRh q?k�lRr�k�
?e�o8� 
�� � rRg h � d s 
]g r�k0~�k uG� �Rk���~De�oRj rG~�e�d x]w

� ��� � � ��� � � � ����� ��� �G����� � � �����=� ��� 
�� � 	 � �8� �
	����(� � ���

i
lRe�� �Rg d0{Lg k�h oRd gGe f�h � oRrRg l�� h �)f k�{Ls j s k�d s � u�~
s � ��� �RgG� e�lR� g �8�+e f
s lRrRoR� � s e�l3�Rd s e�d-� e

� �Rg s d/s l�� d e8rRoR� � e�d u�g j g � � d s � s � u�k�lRr3{Lk�}�lRg � s h {!� e�oRd h gL� e�{Lg h-f d e�{ � �Rg+{+oRj � s �Rj g � � �Re�s � g

v �	� � }�s p�g l�k �G� �Rg 
?g }�s lRlRs lR}3e�f/� �Rg�� e�oRd h g�w ���Rg d g�k�d g�f e�oRd��8oRg h � s e�lRhGd g j k � g r�� e

{Lk�}�lRg � s ��s lRrRoR� � s e�l?w !-lRg�s h�k�j h e�k �8oRg h � s e�l�e�l�{Le�� s e�lRk�j-g {+f ��s ��k�h x�h�k�
]e�o8��� �Rg

� �Rk�d }�gLrRs h � d s 
Ro8� s e�l�e�l3k�lRg o8� d k�j'{Lg � k�j 
Rk�d0{Le p8s lR}�s lRh s rRgLk�oRlRs f e�d { {Lk�}�lRg � s �+�]g j r?w

���Rs h���oRg h � s e�l3s h/� e�lRh s h � g l�� j u�e�lRg+e�f'� �RgL�Rk�d rRg h �0e�l�� �Rg+� g h �/f e�d-h � oRrRg l�� h w � ��� oRrRg l�� h

� uR�Rs � k�j j u�}�g �-� �Rs h���oRg h � s e�l3� e�d d g � �/k�
?e�o8� � � e�f'� �Rg0� s {Lg/e�l 
]e�� ��� �Rg+�Rd g �
k�lRr��?e�h � �

� g h � w �!n-e ~Dg p�g d q-h s lR� g�s �G� k�l�
]g�k�lRh ~�g d g r�oRh s lR}3� �Rg�y;e�d g l�� ��f e�d � g�k�j e�lRg q
s �Gs hLlRe��

s lR� j oRrRg r�s lG� �Rg/{Lk�}�lRg � s �-s lRrRoR� � s e�l�k�lRk�j uRh s h�rRg h � d s 
]g r�s lG� �Rs hD~�e�d x]w

���Rg�d g h oRj � hLf e�d+� �Rg�i-o8� oR{Ll � ����� �8oRk�d � g dL~Dg d g�k�lRk�j u � g r�f e�d � ��� h � oRrRg l�� hL~
�Re

k�j h e3� e8e�x�� �Rg�rRg j k u�g r��?e�h � � � g h ��k �G� �Rg 
]g }�s lRlRs lR}3e�f-� �Rg s dLh o 
Rh g �8oRg l����R��uRh s � h�� j k�h h

� s l�z�s l�� g d � ����� � w � c)e�h � � � g h �/d g h oRj � h
~
s j j 
?g0rRs h � oRh h g r�s l��8g � � s e�l 
 w 
 w � w �
!-l�k p�g d k�}�g�q
h � oRrRg l�� h
}�e �
� �Rg/s lRrRoR� � s e�l��8oRg h � s e�lRh
� e�d d g � �-k�
?e�o8� � � � e�fK� �Rg-� s {Lg/e�l�� �Rg/�Rd g � � g h � w

|
g h oRj � h�f e�d
e � �Rg d���oRk�d � g d h
k�d g/h s {Ls j k�d'f e�dD� �Rg h g���oRg h � s e�lRh w�z��Rg l�� �Rs h
s h
� e�{L�Rk�d g rG� e

� �Rg � � � � �Rk�lR� gLh � oRrRg l�� h0�Rk�r�� eGd k�lRrRe�{Lj u�}�oRg h h-� �Rg+� e�d d g � �0k�lRh ~�g d0e�o8�0e f'� �Rg+�Rp�g

�]e�h h s 
Rj g�� �Re�s � g hDe�lLg k�� ���8oRg h � s e�l?q8s �Dh g g {Lh'� �Rk��Dh � oRrRg l�� hDrRe0lRe��Dg l�� g d'� �Rg
� e�oRd h g
~
s � �

h s }�lRs �]� k�l��Dx8lRe ~
j g rR}�g
k�
]e�o8�'� �Rs h'� e��Rs ��w!� lG� e�l�� d k�h � qRh � oRrRg l�� hDe�f � g lGh � e�d g-k�d e�oRlRr � � �

� e�d d g � � q�k��)� �Rg 
?g }�s lRlRs lR}-e f]� �Rg�� e�oRd h g�q8e�l+h g p�g d k�j ��oRg h � s e�lRh'd g j k�� g r0� e0vDe�oRj e�{�
 � h)yKk ~

k�lRr3� �RgLrRs d g � � s e�l3e�fDf e�d � g h�
?g � ~Dg g l�� �Rk�d }�g h w�c'd g p8s e�oRh0g �R�]g d s g lR� gLs l3k�rRrRs lR}Gp�g � � e�d h

���



k�lRr��?g d �Rk��Rh0�Rs }���h � �Re8e�jD�R��uRh s � h+� j k�h h g h+{Ls }����0�Rg j ��h � oRrRg l�� h�
]gG{Le�d gLh oR� � g h h f oRjDe�l
� �Rg h g/� e��Rs � h w

�'k�� ��e f?� �Rg
� �Rd g g-s lRrRoR� � s e�l�� d g j k � g r���oRg h � s e�lRhD�Rk�r � lRe�lRg-e f;� �Rg
k�
]e p�g �0k�h)� �Rg
�Rf � �

� �Re�s � g w�� l3g k�� �3� k�h g q;� �Rs h
~�e�oRj r�
]g0� �Rg+d g h �]e�lRh g+� �Re�h g l�
�u�h � oRrRg l�� h/� e�l�p8s lR� g r�� �Rk��

k3� oRd d g l��G� e�oRj r�lRe ��
]g�� d g k�� g r�~
s � �Re�o8�Lk�l�e�
�pRs e�oRhLh e�oRd � g�e f/�]e ~�g dL�Rd g h g l�� w����Rs h

d g h �?e�lRh g�~�k�h�� �Re�h g l 
�u � 
 � q � � � q-k�lRr 
 � e f0� �Rg�h � oRrRg l�� h�e�l�� �Rg�d g h �]g � � s p�g

��oRg h � s e�lRh w ���Rg
�]d h ��s lRrRoR� � s e�l���oRg h � s e�lG� e�lR� g d lLf e�oRdDh s � oRk � s e�lRh's l+~
�Rs � �Gk0j e8e��L{Le p�g h

s l0h g p�g d k�jRrRs d g � � s e�lRhKlRg k�d)k�
Rk�dK{Lk�}�lRg � w ��� oRrRg l�� h)k�d gDk�h x�g r0� e-� �Re8e�h g'~
�Rs � �+h s � oRk�� s e�lRh

~De�oRj rG�Rk p�g/k�l�s lRrRoR� g r�� oRd d g l�� w �8s lR� g
f g ~Dg dD� �Rk�l � � � � � �Rg/d k�lRrRe�{ }�oRg h hD� �Rd g h �Re�j r��

e fKh � oRrRg l�� h �Rd g h �?e�lRh g h'~�g d g-� e�lRh s h � g l��D~
s � �+� �Rg-s rRg k/� �Rk ��lRe�lRg�~�e�oRj rGj s }���� � s w g�w � lRe�lRg

e f/� �Rg�k�
]e p�g � � q-s ��h g g {LhG� �Rk ��{Le�h ��h � oRrRg l�� hG� d s g r�� e�s {Lk�}�s lRg�h e�{Lg�~Dk u�s l�~
�Rs � �

s �L� e�oRj r 
]g�rRe�lRg ��g p�g l�� �Re�oR}���k3j k�d }�g dLl�oR{�
]g dLe f-� �Rg { e�l�� �Rg � y;s }���� s lR}3k3tDoRj 
 �

��oRg h � s e�l�h � k � g r�� �Rk��Gs �+~�k�hGlRe �G�?e�h h s 
Rj g�w����Rg�� �Rs d r�s lRrRoR� � s e�l ��oRg h � s e�l�s l�p�e�j p�g hLk

� oRd d g l��-s lRrRoR� g r�s l�kLh g � e�lRr�� e�s j;rRoRg-� eLkL� �Rk�lR}�s lR}L� oRd d g l��-s lG� �Rg/�]d h � w ���Rg/rRs k�}�d k�{

� �Rk �Gk�� � e�{L�Rk�lRs g h+� �Rg �8oRg h � s e�l�rRg �Rs � � hGk3�?e ~Dg dGh oR�R�Rj u�� e�lRlRg � � g r�� e3� �Rg��]d h �G� e�s j w
� �/s h-�?e�h h s 
Rj g0� �Rk �-� �Rg+�Rd g h g lR� g+e�f'� �Rs h-�]e ~�g d/h oR�R�Rj u�s h-k �/j g k�h �/�Rk�d � s k�j j u�d g h �?e�lRh s 
Rj g

f e�dDf g ~Dg d
h � oRrRg l�� h
� �Re8e�h s lR}+� �Rg � lRe�lRg/e fK� �Rg/k�
]e p�g �Ld g h �?e�lRh g0�Rg d g ��g p�g l�� �Re�oR}��G� �Rg

�]e ~�g d
h oR�R�Rj u�s h�lRe��
� e�lRlRg � � g r�� e+� �Rg/� e�s j?e�f)s l�� g d g h � w

? � ? � ? � 	���
����&� �
	����&� � � ��� � � 
�� � � � � ��� �8� � � �
	����(� � ���

� l�� �Rg s d0s l�� d e8rRoR� � e�d u�g j g � � d s � s � u�k�lRr�{Lk�}�lRg � s h { � e�oRd h gGk���!-�Rs e���� k � g�q)h � oRrRg l�� h �

�]d h �Lg �8�?e�h oRd g�� e3{Lk�}�lRg � s �Gs lRrRoR� � s e�l�� e�{Lg hLs l�� �RgGf e�d { e f-k3}�oRs rRg r�� s l ��oRs d u�j k�
�s l

~
�Rs � �G� �Rg u�oRh g-h s {L�Rj g-g �8oRs �R{Lg l���h oR� ��k�h�k+� e�s j q8{Lk�}�lRg � qRk�lRr�}�k�j p�k�lRe�{Lg � g d'� e+s l�p�g l��

k��8oRk�j s � k�� s p�g�d oRj gGf e�d0~
�Rg l�g {+f/s hLs lRrRoR� g r?w � ���Rg h g�{Lk � g d s k�j h0~
s j j 
?g�rRg h � d s 
]g r�s l

�8g � � s e�l 
 w � w � � l8f e�d {Lk�j)s l�� g d pRs g ~
h/~
s � �3h � oRrRg l�� h0rRoRd s lR}G� �Rg h gGk�� � s p8s � s g h-h �Re ~�g r3� �Rk��

���



h � oRrRg l�� h�e f � g l+f e8� oRhDe�lG{Le�� s e�l+� e0rRg � g d {Ls lRg�~
�Rg lGg {+f;~
s j j 
]g-s lRrRoR� g r?w �]e�d'g �8k�{L�Rj g q
s fR� �Rg d g�s hKd g j k � s p�gD{Le � s e�l�
?g � ~Dg g l+� �RgDh e�oRd � g�e f]� �RgD{Lk�}�lRg � s �'�]g j r+k�lRr0� �RgD� e�s j8e f]~
s d g q

� �Rg lG� �Rg d g
~
s j j 
]g-k�lGs lRrRoR� g rGg {+f wKz��Rs j g�� �Rs hDs h'� d oRg
s lG{Lk�l�uL� k�h g h qRs ��j g k�rRhDh � oRrRg l�� h

� e�s lR� e�d d g � �0�Rd g rRs � � s e�lRh0s l3e � �Rg d/� k�h g h w����Rg h gLs l8f e�d {Lk�j)s l�� g d pRs g ~
h0k�j h e�h �Re ~Dg r3� �Rk��

h � oRrRg l�� h
e f � g lG� �Rs lRxL� �Rk ��� �Rg/h � d g lR}�� ��e�fK� �Rg/{Lk�}�lRg � s �
�]g j r�s h�s {L�]e�d � k�l�� w)i
}�k�s lG� �Rs h

{Lk u�
?g/� d oRg0s l�h e�{Lg0� k�h g h q 
Ro8�-s h
lRe��-k�j ~Dk uRh�� d oRg�w����Rg h g+s rRg k�h q?k�j e�lR}+~
s � ��� �Rg0s rRg k

{Lg l�� s e�lRg r��Rd g p8s e�oRh j u3� �Rk �Lk�� oRd d g l��Lh e�oRd � g�s h0lRg � g h h k�d u�q'~�g d g�oRh g r�� e�rRg h s }�l�k�h g �

e f'�Rd g ��k�lRr��?e�h � � � g h ����oRg h � s e�lRh
� eGrRg � g d {Ls lRg/�Re ~ �Rd g p�k�j g l��-g k�� ��e f)� �Rg h g0s rRg k�h
s h�f e�d

h � oRrRg l�� h � oRh �!
]g f e�d g)� �Rg s d;s lRs � s k�j�s lRh � d oR� � s e�l/e�l/s lRrRoR� � s e�l/k�lRr � oRh �)k f � g d?� �Rs h;s lRh � d oR� � s e�l

� ~
�Rs � �Gs lG�Rd k�� � s � g
s hDk�
]e�o8��k�l��Re�oRdDk�lRrGk+�Rk�j fKj e�lR}�� w!���Rg-�Rd g � � g h ��s hDh �Re ~
l�s l��)s }�oRd g

� w � 
 w ���Rg0�]e�h � � � g h �
~
s j j 
]g0rRs h � oRh h g r�s l �8g � � s e�l 
 w � w ���Rg��8oRg h � s e�lRh�~�g d g0rRg h s }�lRg r�h e

� �Rk �;� �Rg u/� e�oRj r�
?g'k�lRh ~�g d g r0{Lg k�lRs lR} f oRj j u�
�u/h � oRrRg l�� hK~
�Re
�Rk�r/lRe��;u�g �K�Rk�r/s lRh � d oR� � s e�l

e�l�s lRrRoR� � s e�l?q 
Ro8��~
�ReL�Rk�r�j g k�d lRg rGk�
]e�o8��� oRd d g l�� h q]{Lk�}�lRg � s ���]g j rRh q]k�lRrG� �Rg-�]g j r�j s lRg

d g �Rd g h g l�� k � s e�l?w!�]e�d)g �Rk�{L�Rj g�q�g k�� ���8oRg h � s e�l+d g j s g h)�Rg k p8s j u+e�l+k/�Rs � � e�d s k�j�d g �Rd g h g l�� k�� s e�l

e f)� �Rg/h s � oRk�� s e�l�oRlRrRg d
� e�lRh s rRg d k � s e�l�h e+� �Rk��
h � oRrRg l�� h-� e�oRj r�s {Lk�}�s lRg
� �Rg/k�� � oRk�j;g p�g l��
e8� � oRd d s lR}8w�i
h x8s lR}+� �Rg/h � oRrRg l�� h-e�lRj uG� eL� e�{L�Rk�d g/� �Rg�
Rd s }���� lRg h h
e f)� �Rg�
RoRj 
Rh
d g {Le p�g h

� �Rg0s h h oRg0e f)~
�Rs � ��rRs d g � � s e�l�k�l�u�� oRd d g l��-~De�oRj r 
]g0s lRrRoR� g r � k�lRr�~
�Rg � �Rg d
� �Rg0� oRd d g l��

s h�rRg d s p�g r�f d e�{ � �Rg0g {+f)e�dDpRs � g-p�g d h k � w � �-k�j h eLk p�e�s rRh�� �Rg-� g d { � g {+f �+~
�Rs � ��h � oRrRg l�� h

�Rk p�g�lRe��'j g k�d lRg r0u�g � w!���Rg
�]e�h � � � g h �)~Dk�h)rRg h s }�lRg r+h e-� �Rk��'{Lk�l�u0e�f]� �Rg ��oRg h � s e�lRh)~De�oRj r

� e�l�� k�s l�� �RgLh k�{Lg+�R��u8h s � k�j'h s � oRk � s e�l�k�h/e�l�� �RgL� e�d d g h �?e�lRrRs lR}��Rd g � � g h ����oRg h � s e�lRh q!
Ro8�

~
s � ��h j s }���� j u�rRs 	?g d g l��/h oRd f k�� g0f g k � oRd g h w �-e � g0� �Rk �0h � oRrRg l�� h-~Dg d g+d g ��oRs d g r�� e�g �R�Rj k�s l

� �Rg s d-� �Re�s � g h w����Rs h/s h-s {L�]e�d � k�l��-h s lR� g+s l�h e�{Lg+� k�h g h/e�lRg+d g h �?e�lRh gL{Ls }����/� e�d d g h �?e�lRr

� e+rRs 	;g d g l��-h � oRrRg l��-s rRg k�h w

���



Just as switch is closed

(current just starts to flow

through the circuit on the left)


P
 Q


Loop is
 moving to the right

with speed v in the
 same

u
niform magnetic field


B
1


N
 S


Loop is
 moving to the right

with speed v in a uniform

magnetic field


B
2


N
 S


Loop is moving to the right

with the
 same
 speed v in a

weaker
  uniform magnetic field


battery


A long time after switch is closed

(current is flowing continuously

through the circuit on the left)


battery


Magnet is
 at rest

near
 the loop


Magnet is rotating about an

axis
 perpendicula
 r
 to the

page, with angular
 speed


Magnet is rotating about its

long axis
  as shown, with

same
 angular speed,


Loop is
 at rest
  in a

uniform magnetic
 field


B
1


N
 S


B
1


N
 S


Case 1:
 Explain:


P > Q (P is brighter)

P < Q (Q is brighter)

P = Q = 0 (neither lit)

P = Q
  0
 (lit equally)


Case 2:


P > Q

P < Q

P = Q = 0

P = Q
  0


Case 3:


P > Q

P < Q

P = Q = 0

P = Q
  0


Case 4:


P > Q

P <
 Q

P = Q = 0

P = Q
  0


Case 5:


P > Q

P < Q

P = Q = 0

P = Q
  0


S
 N


S
 N
 S
 N


S
 N


Magnet is
 farther
  from the

loop,
 moving toward
 it with

speed v


For each case below,
 circle
 the relationship that best shows the relative brightness of the bulb in

situation P compared to the bulb in situa
 tion Q.  (Assume all loops and bulbs are made identically.)

Explain the reasoning behind your choice, or what triggered your response in each case
 —
even if it

was a guess.
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Region I
 
 Region II
 


Five loops are formed of copper wire of the same gauge (cross
-
sectional area).  

Loops 1
-
4 
are identical; loop 5 has the same height as the others but is longer.  

At the instant shown, all the loops are moving at the same speed in the 

directions indicated.
 

 

There is a uniform magnetic field pointing 

out of the page in Region I; in Region II 

ther
e is no magnetic field.  Ignore any 

interactions between the loops.
 

 

a)  For any loop that has an induced 

current, indicate the direction of that 

current.  If there is no induced current, 

state that explicitly.  For all cases, explain 

your reasoning carefu
lly.
 

 

b)  Rank the magnitudes of the
 emf
s 

around the loops.  Explain your reasoning.
 

 

c)  Rank the magnitudes of the currents in 

the loops.  Explain your reasoning.
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p�g d k�j j q]h � oRrRg l�� h
~�g d g+{Le�d g0h oR� � g h h f oRj)k��-k�lRh ~�g d s lR}L� �Rg0�]e�h � � � g h ���8oRg h � s e�lRh�� �Rk�l

� �RgL�Rd g � � g h ����oRg h � s e�lRh w����RgL{Lg k�l3h � e�d gLe�l�� �RgL�?e�h � � � g h �0~Dk�h 
 w ��� � ~
s � �3k�h � k�lRrRk�d r

rRg pRs k � s e�l�e f � w � 
 �'~
�Rs j g-� �Rk �
e�lRg-� �Rg/�Rd g � � g h ��~�k�h � w ��� � ~
s � ��kLh � k�lRrRk�d r�rRg pRs k � s e�lGe�f

� w � � � w
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Current flows from the battery

through the circuit on the left


Magnet is
 at rest,
 far

from the loop


Q


Magnet is
 at rest,
 very close
  to

the loop


N
 S


B


N
 S


Loop is
 moving to the right

wi
th speed v in a uniform

magnetic field


Loop is
 moving to the right

with the
 same
 speed v, in a

weaker
  uniform magnetic field


battery


Just as
  a connection to the

battery breaks (current stops

flowing through the circuit on

the left)


battery


Magnet is moving
 to the right

toward the stationary loop with

speed v


Both magnet and loop are

moving
 to the right
 with

same
 speed v


Loop is rotatin
 g about a

horizontal
 axis as shown, with

same
 uniform
 angular speed,


Case 1:
 Explain:


P > Q (P is brighter)

P < Q (Q is brighter)

P = Q = 0 (neither lit)


Case 2:


P > Q

P < Q

P = Q = 0


Case 3:


P > Q

P <
 Q

P = Q = 0


Case 4:


P > Q

P < Q

P = Q = 0


Case 5:


P > Q

P < Q

P = Q = 0


P


S
 N


Loop is rotating about a

vertical
  axis, with uniform

angular speed,


S
 N
 S
 N


S
 N


S
 N
S
 N


v

v


v


v
 v


(A
ssume all loops and bulbs are made identically.)  For each case below, apply the rule you have developed

in this lab to
 circle
 the relationship that best shows the relative brightness of the bulb in situation P

compared to the bulb in situation Q.
 Explain
 the reasoning behind your choice, or what triggered your

response in each case.


P = Q = 0 (lit equally)


P = Q = 0


P = Q = 0


P = Q = 0


P = Q = 0


2
1
B


��

�)s }�oRd g 
 w � � cKe�h � � � g h ����oRg h � s e�lRh0d g j k�� g r�� e�{Lk�}�lRg � s �+s lRrRoR� � s e�l�}�s p�g l�� e�h � oRrRg l�� h0s {��
{Lg rRs k�� g j uGk�f � g dD� �Rg s dD�]d h � � j k�
?e�d k�� e�d u��'s lRh � d oR� � s e�l�e�l�s lRrRoR� � s e�l?w

� � �



s rRg k/h � oRrRg l�� hDoRh g
s hK� �Rk��Dg {+f;s h)�Rd e��]e�d � s e�lRk�j�� e��]o��Le�dK�]g j r+h � d g lR} � � � � t � � w!���Rg�� �Rs d r
{Lk�s l�s rRg kGs h
� �Rk �/g {+fDs h-�Rd e��?e�d � s e�lRk�j;� eG{Le�� s e�l � � p���� ��f e�d-g �Rk�{L�Rj g�q?e�f)� �Rg+{Lk�}�lRg � q

� �Rg
h e�oRd � g
e f?�]g j r?q8e�d 
]e�� �?w �-e � g�� �Rs h's rRg k0s h'j s h � g r+� �Rs d r+h s lR� g
s �'s h'j g h h'�Rd g p�k�j g l��'� �Rk�l

� �Rg��]o���� �]g j r�h � d g lR} � ��s rRg k8w�n-e ~Dg p�g d q
s �G�]g d �Rk��RhLh �Re�oRj r 
]g�j s h � g r�h g � e�lRr�h s lR� g�s l

{Lk�l�u+s lRh � k�lR� g h'h � oRrRg l�� hDk�d g�k�
Rj gD� e/k��R�Rj uLs �)� e/k�d d s p�g
k �Dk/� e�d d g � �Dk�lRh ~�g d w ���RgDf e�oRd � �

s rRg k�s h-� �Rk��/� �Rg d gL� k�l�e�lRj u�
]gL� oRd d g l��0~
�Rg l�k 
Rk � � g d u3e�d/e�� �Rg d0h e�oRd � gLe�f�h g �Rk�d k�� g r

� �Rk�d }�g�s h+�Rd g h g l���� � � � � w�i-hLrRg h � d s 
?g r��Rd g p8s e�oRh j u�q�{Lk�l�u�h � oRrRg l�� hL� �Re�oR}����L� �Rs h+~�k�h

� �Rg/� d s � s � k�j?s h h oRg/d g }�k�d rRj g h h�e�fK~
�Rg � �Rg dD� �Rg�
Rk�� � g d uG~�k�h
� e�lRlRg � � g r�s l�kLlRg k�d 
�u�� s d � oRs �

d k � �Rg d)� �Rk�l+� �Rg-� s d � oRs �'e�f;s l�� g d g h � w �)s lRk�j j u�q�k�j j]e � �Rg d's rRg k�hDk�d g
}�d e�oR�?g rL� e�}�g � �Rg d's l�� e/k

� � k � � �Rk�j j �0� k � g }�e�d u�� � � ��� w!���Rs h
� k�� g }�e�d u�k�j h e+s lR� j oRrRg h�h � oRrRg l�� h�~
�ReLrRe+lRe��
�Rk p�g/k�l�u

�Rk�d � s � oRj k�d�{Le8rRg j]f e�dD� �Rs h�� e��Rs � ��f e�d�g �8k�{L�Rj g qR� �Re�h g-~
�ReGh k�s r � �DrRe�l � �-x8lRe ~ �Le�d�}�k p�g

lRe+g �8�Rj k�lRk � s e�l?w

i
h0lRe � g r3s l�� �RgL�Rd g pRs e�oRh/h g � � s e�l?qKh � oRrRg l�� h/h e�{Lg � s {Lg h-k��R�Rj u�s rRg k�h/d g j k�� g r�� eG� �Rg

y;e�d g l�� �-f e�d � g/� eLs lRrRoR� � s e�l���oRg h � s e�lRh w � l�� �Rs h�� k�h g�q]� �Re�h g0rRe�lRg0g �R�Rj s � s � j uGk�lRr�h oR� � g h h �

f oRj j u�~�g d gL� j k�h h s �]g r3s l�� �RgL� e�d d g � � � � �Rk�lR}�g ��� k � g }�e�d u�h s lR� g0� �Rk��0� k�� g }�e�d u�d g �Rd g h g l�� h
� �RgLe�lRg+~�g+~�e�oRj r3j s x�gLh � oRrRg l�� h/� e�oRh g w����Rs h-~�k�h0j s {Ls � g r�� e�e�lRj u�k�f g ~ h � oRrRg l�� h0e�l

�-oRg h � s e�l 
 w � f;� �Rg-y;e�d g l�� �
f e�d � g
s rRg k/~Dk�hDoRh g rGs lGk0{Le�d g�p�k�}�oRg
e�dD}�g lRg d k�jR~�k u�q]s �'~�k�h

� j k�h h s �]g r�k�� � e�d rRs lR}0� e+� �Rg-p�k�d s k�
Rj g-e�lG~
�Rs � ��� �Rg/h � oRrRg l���
Rk�h g r��Rs h�e�d��Rg d�rRg � s h s e�l?w

���Rg/d g h oRj � h�k�d g
f e�dD� �Rg-h k�{Lg � 
	� h � oRrRg l�� h�~
�Re�h g/�Rd g � � g h �
d g h oRj � hD~Dg d g/k�lRk�j u�� g r�s l

�8g � � s e�l � w � w � w)i-h'{Lg l�� s e�lRg r0f e�dK� �Rg
k�lRk�j u8h s h'e f]� �Rg
�Rd g � � g h � q�� �Rg d g�k�d g�h g p�g d k�j]rRs 	?g d g l��

~Dk uRh)� e/k�lRk�j u � g�� �Rg�d g h oRj � h'e f?� �Rs h)�?e�h � � � g h � w �)s d h � q�e�lRg
� k�lLk�lRh ~�g d'� �Rg �8oRg h � s e�l � n-e ~

e f � g l�~�k�h/g k�� �3s rRg k�k��R�Rj s g r�� e�k�lRh ~�g d/g k�� ���8oRg h � s e�l�� � �8g � e�lRr?qKe�lRgL� k�l�k�lRh ~Dg d-� �Rg

��oRg h � s e�l � n-e ~ {Lk�l�u�h � oRrRg l�� h+� e�lRh s h � g l�� j u�oRh g r�g k�� ��s rRg k�� e�k�lRh ~�g d0� �RgL~
�Re�j gGh g �

e f �8oRg h � s e�lRh � ���)s lRk�j j u�qRe�lRg0� k�l�k��R�Rj u�� �Rg���e8rRg jKi
lRk�j u8h s h
{Lg � �Re8r�� eGh �Re ~	� �Rg+{Le�h �

� � �



� rRg k��
h g r �-oRg h � s e�l � �-oRg h � s e�l � �-oRg h � s e�l 
 �-oRg h � s e�l 
 �-oRg h � s e�l �
� � �Rk�lR}�g � ��� � � ��� ��� �(� � � 
�

� {Le�� s e�l � ��
 � 
 � � � 
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� � oRd d g l�� � � � � 
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� �]g j r�e�d �]o�� � ��� 
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�

� e�� �Rg d � � � � � �(� ���

�Kk�
Rj g 
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e�l�g k�� ��e f)� �Rg/�Rp�g+�]e�h � � � g h �
��oRg h � s e�lRh-e�l�s lRrRoR� � s e�l?w � �'k�� ���Rk�r�kL� e�� k�jKe f ��
�� d g h �?e�lRh g h w-z�g0g h � s {Lk�� g-� �Rk�� � � �

e fK� �Rg/d g h �]e�lRh g/� j k�h h s �]� k � s e�lRh�k�d g/oRlR� g d � k�s l���h �Rd g k�r�g p�g lRj u�e p�g d�� �Rg/� k�� g }�e�d s g h w �

� e�{L{Le�l+h � k�� g�e�f?h � oRrRg l�� h �8s rRg k�h'k�lRr0� �Rg
rRg }�d g g�� e-~
�Rs � �+� �Rg uLk�d g
{Ls �8g r?w!���Rg h g�� �Rd g g

k�lRk�j u8h g hD~
s j j 
?g/�Rd g h g l�� g r�s lG� �Rg-f e�j j e ~
s lR}0h o 
Rh g � � s e�lRh w

� � ? � � �0� ����
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y;g �0oRh�
?g }�s l�~
s � ��� �RgLl�oR{�
]g d-e�f'� s {Lg h-g k�� �3e fD� �Rg0�Rp�gL{Le�h �/� e�{L{Le�l�s rRg k�h
~�k�h

oRh g rL� e0k�lRh ~Dg dDg k�� ���8oRg h � s e�l?w ���Rg
d g h oRj � h'k�d g
h �Re ~
lGs l��Kk�
Rj g 
 w � k�lRr��)s }�oRd g 
 w � wKz�g

h g g-� �Rk �
k��R�Rd e �Rs {Lk � g j uL�Rk�j f;e�f;� �Rg ��
�� h � oRrRg l�� h
k � � g {L�8� g rG� e0k��R�Rj uGk+� �Rk�lR}�g-s rRg k0e�l

�-oRg h � s e�lRh � q � q 
 q�k�lRr � w ���Rs hKs h;k
rRg �]lRs � g's {L�Rd e p�g {Lg l��;f d e�{�� �RgD�Rd g � � g h �)d g h oRj � h w �-e � g
� �Rk �'� �Rg h g
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� e�d d g � � w � l+f k�� � q8k�h

h �Re ~
l�s l��)s }�oRd g 
 w � qRe fK� �Rg ��� � � s {Lg hDh � oRrRg l�� h
k��R�Rj s g rGk � � �Rk�lR}�g �+s rRg k+e�lG� �Rs h�h g �
e�f
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 w !
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� � �Rk�lR}�g/s l��]o�� �Ls rRg k+~
s j j 
]g/rRs h � oRh h g r�s lG{Le�d g-rRg � k�s j;s l�vD�Rk��8� g d � w

� � 




0


5


10


15


20


25


30


35


40


45


50


`Change'

idea


`Motion' idea
 `Current' idea
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idea
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incorrect answer


correct answer


�)s }�oRd g 
 w � � c'd g p�k�j g lR� g3e�f0g k�� �	s rRg k � s l��?g d � g l�� k�}�g ��e�l�� �Rg3�?e�h � � � g h ��k�h�k�~
�Re�j g q
k�lRr�� �Rg3�]g d � g l���e f0� s {Lg�� �Rg h g3j g k�r�� e�� e�d d g � ��k�lRr�s lR� e�d d g � ��k�lRh ~Dg d h w � ���Rg�� e�� k�j
l�oR{�
]g dDe f;d g h �]e�lRh g h�e�l+� �Rs hD�]e�h � � � g h �Ds h ������� wKz�g
g h � s {Lk � g�� �Rk�� � � � e f;� �Rg
d g h �]e�lRh g
� j k�h h s �]� k�� s e�lRh�k�d g-oRlR� g d � k�s l���h �Rd g k�r�g p�g lRj u�e p�g d�� �Rg/� k � g }�e�d s g h w �
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The diagram shows two regions of uniform magnetic field of equal magnitude.  In

Region I,
 B
 is out of the page, while in Region II
 B
 is into the page.  Everywhere

outside Regions I and II the field is zero.  (Ignore any fringing effects of the fields.)  A

small conducting loop is being pulled with
 constant velocity
.  It is shown at 7 instants

in
 time.


a)  Rank the
 magnitudes
 of the
 emf
 induced around the loop at each instant shown.

(If any are the same or zero, state that explicitly.)  Explain your reasoning.


b)  Indicate the direction of any induced current in the loop at instants 2,
 3, and 4.
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 Five conducting loops, with dimensions as shown below, are being pulled with the 
same 

constant velocity
 into 
a region of uniform magnetic field directed out of the page (     ).  

Ignore any fringing effects of this field and any interactions between loops.
 

 

a) Rank the 
magnitudes
 of the induced 

emf
 around each loop at the instant shown.  

(If any are the same or z
ero, state that 

explicitly.)  Explain your reasoning.
 

 

 

b) For any loop that has an induced 

current, indicate the direction of that 

current. (If any are zero, state that 

explicitly.)
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Two identical ‘loops’ are being pulled with the 
 same 

constant speed
 , bu
t in 
different directions
 , through a 

uniform magnetic field directed into the page.  Is the 

magnitude of the 
 emf
 induced around Loop #1 greater 

than, less than, or equal to that induced in Loop #2 
 at 

the instant shown
 .  Explain your reasoning.  (If either 
 is 

zero, or they are the same, state that explicitly and 

explain why.)
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Two identical triangular ‘loops’ are being pulled with the 

same constant velocity, v, into a uniform magnetic field 

directed into the page.  Is the magnitude of the 
emf
 

induced around Loop #1 greater than, less than, or equal to 

that indu
ced in Loop #2 
at the instant shown
?  Explain 

your reasoning.  (If either is zero, or they are the same, 

state that explicitly and explain why.)
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The diagrams show a simple generator at two different times.  It consists of a loop

with radius R rotating with a constant angular frequency,
  = 30 Hz, in a region of

uniform magnetic f
ield,
 B
.


a)  Is the magnitude of the

emf
 induced around the

loop at Time 1 greater than,

less than, or equal to that at

Time 2?  Explain how you

determined your answer.


b)  On the diagram to the right, sketch the direction in which

current is induc
ed in the loop as it rotates from Time 1 to Time

2?  If the current is zero, state that explicitly.  Explain how you

determined your answer.


c) If
  was 10 Hz instead of 30 Hz, would the
 emf
 induced in the loop be greater

than, less than, or equal to bef
ore?  Explain.
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(Omitted question                     1                     2   )
 


 
 The five separate figures below involve a cylindrical magnet and a tiny light bulb connected 

to the ends of a loop of copper wire.  These figures are to 
be used in the following question.  

The plane of the wire loop is perpendicular to the reference axis.  The states of motion of 

the magnet and of the loop of wire are indicated in the diagram.  Speed will be represented 

by v and CCW represents counterclock
wise.
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(a) only I and II
 33
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(b) only I and III
 10
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(c) only II and III
 23
 10


(d) all of the above.
 21
 13


(e) none of the above.
 12
 20


 (Omitted question
 1
                   3      )


A very long straight wire carries a large steady current i.  Rectangular metal loops, in the

same plane
 as the wire, move with velocity
 v
 in the directions shown.  Which loop will

have an induced current?
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Which of the following graphs correctly shows the time dependence of the voltmeter

reading?


A variable power supply is connected to a coil and an ammeter, and the time

dependence of the ammeter reading i
s shown.  A nearby coil is connected to a voltmeter.


(e) None of these
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]e�o8��{Lk�}�lRg � s ��s lRrRoR� � s e�l?w ���Rg
~
�Rs � g�d g }�s e�lRhGd g �Rd g h g l���� e�d d g � ��k��R�Rj s � k � s e�lRhLe f/� �Rs hLs rRg k3~
�Rs j gG� �Rg 
Rj k�� x�d g �Rd g h g l��
s lR� e�d d g � �
s l�� g d �Rd g � k � s e�lRh w ���Rg/�]lRk�jKg �Rk�{ 
Rk�d
d g �Rd g h g l�� h
� �Rg/k p�g d k�}�g0�]g d f e�d {Lk�lR� g/e�l
� �Rg-f e�oRd �8oRg h � s e�lRh
}�s p�g l�e�l�� �Rg-�]lRk�j;g �8k�{�w

�)s }�oRd g 
 w �	� h �Re ~
hDh � oRrRg l�� h �8oRh g
e f?� �Rg � � �Rk�lR}�g �/s rRg k/e�lLg k�� �Le�f]� �Rg�f e�oRd)s lRrRoR� � s e�l

�]lRk�j;g �8k�{ �8oRg h � s e�lRh
s lRrRs p8s rRoRk�j j u�w!���Rg��D~De��Kd s k�lR}�j g h�k�lRr �)s p�g/|
g � � k�lR}�j g h���oRg h � s e�lRh
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�)s }�oRd g 
 w ��� � �8oR{L{Lk�d u3e�f�� �RgG�?g d � g l��Le f�� s {Lg+� �Rg � � �Rk�lR}�g ��s rRg k�~�k�h+oRh g r�e�l�g k�� �
e f
� �RgL�]lRk�jDg �Rk�{ �8oRg h � s e�lRh+k�
?e�o8�L{Lk�}�lRg � s �Gs lRrRoR� � s e�l?q's lRrRs p8s rRoRk�j j u�w ���RgG~
�Rs � gGd g �
}�s e�lRh/d g �Rd g h g l��L� e�d d g � �Lk��R�Rj s � k � s e�lRh/e f�� �Rs h0s rRg k�~
�Rs j g+� �Rg�
Rj k�� x3d g �Rd g h g l��Ls lR� e�d d g � �
s l�� g d �Rd g � k�� s e�lRh w

~Dg d g'e�l-� �Rg'�]lRk�j�g �8k�{�f e�d;e�lRg'� e�oRd h gDh g � � s e�l?q�~
�Rs j gK� �Rg �/g lRg d k � e�d;k�lRr��D~�e
|
g � � k�lR}�j g h

��oRg h � s e�lRh-~�g d gLe�l�� �Rg+e�� �Rg d/h g � � s e�l � h/g �Rk�{�w����Rg��D~�e�|
g � � k�lR}�j g h-h s � oRk�� s e�l�~Dk�h-� �Rg

g k�h s g h �)f e�dKh � oRrRg l�� h)� e/d g {Lg {�
?g dK� e-k��R�Rj u0k-� �Rk�lR}�g�s l��]o��+s rRg k8q�k�lRr0� e-rRe-h e/� e�d d g � � j u�w

���Rg��)s p�g�|
g � � k�lR}�j g hLk�lRr �D~De��Kd s k�lR}�j g h���oRg h � s e�lRh+~�g d g�� e�{L�Rk�d k�
Rj u�rRs �L� oRj � w ���Rg

�-g lRg d k�� e�d��8oRg h � s e�l�~Dk�h�
�u�f k�d
� �Rg+{Le�h �0rRs �L� oRj � w����Rg+d g h oRj � h/h �Re ~ � �Rk �/f g ~�g d-� �Rk�l

�Rk�j fDe f'� �Rg0h � oRrRg l�� h/k��R�Rj s g r�k � � �Rk�lR}�g+s l��]o�� �Gs rRg kG�Rg d g ��g p�g l�� �Re�oR}���{Lk�l�u�e f'� �Rg

h k�{Lg/h � oRrRg l�� h
�Rk�r�oRh g r�� �Rs h�s rRg k+e�lG� �Rg��D~De��Kd s k�lR}�j g h ��oRg h � s e�l�g k�d j s g dDs lG� �Rg/g �Rk�{�w

���Rg"�/g lRg d k � e�d ��oRg h � s e�l�h g g {Lh�s lR�Rg d g l�� j u�{Le�d g/rRs �L� oRj �
h s lR� g

� s �Gs l�p�e�j p�g hGk�� �Rk�lR}�s lR}�k�lR}�j g�s lRh � g k�r�e�f/� �Rk�lR}�s lR} � e�d � � k�hG{Le�h ���Rd e�
Rj g {Lh

h � oRrRg l�� h
�Rk p�g/g �8�?g d s g lR� g r�� �
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� �]o���s h-lRe �/� �Rk�lR}�s lR}�k �/k�� e�lRh � k�l��0d k � g�q;g p�g l�� �Re�oR}���� �Rg+k�lR}�j g0s h w����Rs h-s h-k�j h e
{Le�d g/d k�d g/s l�h � oRrRg l�� h �?g �R�]g d s g lR� g �?k�lRr?q

� � �Rg
h s � oRk�� s e�lLs hD�Rk�d rRg d'� e/p8s h oRk�j j uL� e�{L�Rk�d g
�Re ~��8oRs � x�j u��]o��Ls hD� �Rk�lR}�s lR}0k��Dg k�� �

s lRh � k�l�� w

i
lRk�j u8h s h0e f�h � oRrRg l�� h �)�?g d f e�d {Lk�lR� gLe�l�k�� uR�Rs � k�j ��oRk�l�� s � k�� s p�g+�]lRk�j'g �8k�{ ��oRg h � s e�l

h �Re ~
h�� �Rk��-h � oRrRg l�� h
h � d oR}�}�j g/� eLk��R�Rj uG� �Rg0{Lk � ��j k�lR}�oRk�}�g-~
s � ��oRlRrRg d h � k�lRrRs lR}Rw ���Rg u

k�j h e+�Rk p�g/rRs �L� oRj � uG~
s � �L� �Rg/{Lk � �Rg {Lk � s � hD�Rd e8� g rRoRd g h
h oR� ��k�h�� k�j � oRj k � s lR}0k+rRg d s p�k � s p�g

s l�p�e�j p8s lR}+kL� �Rk�s l�d oRj g w

i
lRk�j u8h s h-e fDkG{0oRj � s �Rj g � � �Re�s � g/rRg j k u�g r��?e�h � � � g h �/h �Re ~
h/kGh j s }����-s {L�Rd e p�g {Lg l��/� e�{��

�Rk�d g r�� e�� �Rg��Rd g � � g h �G}�s p�g l�k��L� �Rg�
]g }�s lRlRs lR}3e f-� �Rg�� e�oRd h g�w�n
e ~�g p�g d q�� �Rg�}�k�s l�e�l

��oRg h � s e�lRhGd g j k�� g r�� e�{Lk�}�lRg � s ��s lRrRoR� � s e�l�s hLg p�g l�h {Lk�j j g d0� �Rk�l�� �Rg�}�k�s l�e�l�� �Rg�� g h �

e p�g d k�j j w
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vD�Rk��8� g d 
 rRg h � d s 
?g r�� �Rg/k�lRk�j u8h s h�e�f)h � oRrRg l�� h �?d g h �?e�lRh g h�� eLk+l8oR{�
?g d
e f)s lRrRoR� � s e�l

��oRg h � s e�lRh�k�lRrGs rRg l�� s �]g rL� �Rg
lRk�� oRd g-k�lRrG�Rd g p�k�j g lR� g-e fKh �?g � s �]�-h � oRrRg l���rRs �G� oRj � s g h)� �Rk��

~Dg d g0e�
Rh g d p�g r3s lG� �Rs h
� e�l�� g �8� w-vD�Rk��8� g d � ~
s j j?e�d }�k�lRs � g0kLl8oR{�
?g d
e�f)� �Rg/j k�d }�g d q]{Le�d g

}�g lRg d k�j?� e�}�lRs � s p�g-s h h oRg hD� �Rk���{Lk u�� e�l�� d s 
Ro8� g-� e0� �Rg h g-� uR�]g h�e�f)rRs �L� oRj � s g h w � ��~
s j j?k�j h e

rRs h � oRh h�h g p�g d k�j?� �Rg e�d g � s � k�j?�?g d h �?g � � s p�g h�� �Rk ��p8s g ~�h � oRrRg l�� h �]x8lRe ~
j g rR}�g-k�hDh {Lk�j j]s rRg k�h q

j k�d }�g j u�
Rk�h g rGe�lLg �8�?g d s g lR� g�q8� �Rk �D{Lk u�
?g
s lRk��R�Rd e��Rd s k � g j u0k��R�Rj s g rLs lL�R��u8h s � hD� e�l�� g ��� h w

z�g0~
s j jKrRg h � d s 
?g+�Re ~[h e�{Lg+e f'� �Rg h gL{Lk u��Rd e p8s rRg+s lRh s }����/s l�� eGh � oRrRg l�� h �)d g h �?e�lRh g h/s l

� �Rg/� e�l�� g ���-e�f)s lRrRoR� � s e�l?w
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c'��uRh s � s h � h0�Rk p�gL� j g k�d/k�lRr3oRlRk�{�
Rs }�oRe�oRh/rRg �]lRs � s e�lRh
f e�d-s lRrRs pRs rRoRk�j)� e�lR� g �8� h w����Rs h

k�j j e ~
h�� �Rg { � eLd g j s k�
Rj u�rRs h � s lR}�oRs h ��d g j k � g r�� e�lR� g �8� h ��x�lRe ~
s lR}��Re ~�� �Rg u�k�d g0rRs h � s lR� �

f d e�{ g k�� �Ge�� �Rg dDk�lRrL� �Rg-d g j k�� s e�lRh �Rs �Rh'k�{Le�lR}/� �Rg {�w ��� oRrRg l�� h q]�Re ~�g p�g d q]h � d oR}�}�j g�~
s � �

� �Rg-e p�g d ~
�Rg j {Ls lR}Ll�oR{�
]g d�e�fK� e�lR� g �8� h w �)p�g l�s f;� �Rg u�� k�l�� e�d d g � � j uGh � k�� g-� �Rg
p�g d 
Rk�j;e�d

{Lk � �Rg {Lk � s � k�j?rRg �]lRs � s e�lRh�e�f)� e�lR� g �8� h q]� �Rg u�e f � g l�h � d oR}�}�j g-� e+s l�� g d �Rd g ��� �Rg { � e�d d g � � j u
k�lRr�� e+}�d k�h ��� �Rg/rRs 	?g d g lR� g h�
]g � ~�g g l�d g j k � g r?q8u�g �-rRs h � s lR� � q]� e�lR� g �8� h w
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n
k�d d s lR} � e�lLlRe�� g hD� �Rk���h � oRrRg l�� h�e f � g lGoRh g
� �Rg
~�e�d rRh�� f e�d � g�q ��� �]g j r?q �0k�lRr � � �Rk�d }�g �

s l�� g d � �Rk�lR}�g k�
Rj u�w��8�Rk 	;g d/k�lRr���� �/g d {Le�� �/rRs h � oRh h-� �Rs h-s h h oRgLs l�� �Rg+� e�l�� g �8�0e�fDh s {L�Rj g

g j g � � d s ��� s d � oRs � h w �]e�dGg �8k�{L�Rj g q
h � oRrRg l�� h�oRh g r�� �Rg�� g d {Lh � � oRd d g l�� q
p�e�j � k�}�g�q
g lRg d } u�q
k�lRr��]e ~�g dGs lRk��R�Rd e��Rd s k�� g j u�k�lRr�h e�{Lg � s {Lg hLs l�� g d � �Rk�lR}�g k�
Rj u�w � � � � � l�� �Rg�� e�l�� g ����e�f

{Lk�}�lRg � s �
s lRrRoR� � s e�l+� �Rs h's {L�Rj s g h)h � oRrRg l�� h�{Lk uL�Rk p�g-h s {Ls j k�dK� d e�o 
Rj g
rRs h � s lR}�oRs h �Rs lR}0g {+f

f d e�{[� �Rs lR}�h�j s x�g
� oRd d g l�� qRg lRg d }�u�q]k�lRr��]e ~�g d q]j g ��k�j e�lRg
f d e�{[p�e�j � k�}�g-s � h g j f w � lGf k�� � qRe�lRg

h � oRrRg l��Gk � � g {L�8� s lR}�� e�oRlRrRg d h � k�lRr�� �Rg�}�d k��R��e�
Rh g d p�g r�s l3� �Rg�h g � e�lRr�s lRrRoR� � s e�l�j k�


� rRg h � d s 
]g rLs l��8g � � s e�l 
 w 
 �)h k�s r+� �Rk�� � {Lk u 
]g �]o��Lg l�� g d s lR} � � �Rg
h e�j g lRe�s r � � �Rk�d }�g hDs �'k�lRr

�]o���j g k p8s lR}LrRs h � �Rk�d }�g h
s � � ��i
lRe�� �Rg d
h � oRrRg l��/k�h x�g r�s f)s ��~Dk�h
k�j d s }����D� eL}�g �-kLlRg }�k � s p�g

p�k�j oRg�f e�d'�Rs hDg h � s {Lk�� g�e�f?� �Rg-{Lk �Rs {0oR{[s lRrRoR� g rLg {+f w)n-g�~�e�lRrRg d g r�s f?� �Rs h)~�e�oRj rG{Lg k�l

� �Rk ��� �Rg/h e�j g lRe�s rG~Dk�h�h e�{Lg �Re ~�rRs h � �Rk�d }�s lR}0� �Rg l?w

�8�Rk 	;g d-k�lRr ��� �/g d {Le�� �-k�j h eGlRe � g0� �Rk �/h � oRrRg l�� h-e�f � g l�f k�s j?� eGrRs h � s lR}�oRs h � 
]g � ~�g g l

�]e�� g l�� s k�j-k�lRr��?e � g l�� s k�j
rRs 	;g d g lR� g�w ���Rg u�d g �]e�d �G� �Rk���k�
?e�o8� ��� � e�f/� �Rg�h � oRrRg l�� h

d k�lRx�g r�� �Rg�
Rd s }���� lRg h h
e f!
RoRj 
Rh
s lGkL� s d � oRs ��
Rk�h g r�e�lG� �Rg/�?e � g l�� s k�j?k��
e�lRg/h s rRg/e f)g k�� �


RoRj 
Gd k � �Rg d'� �Rk�lL� �Rg-�?e � g l�� s k�j?rRs 	?g d g lR� g�
]g � ~�g g lG� �Rg
� ~DeLh s rRg h w'i-d e�lRh � ��� � k�lRr ��s l��

h � d g j j � � � � lRe � g�� �Rk��Dh � oRrRg l�� h�e f � g l+f k�s j8� e0h g �Rk�d k � g
� �Rg
s rRg k�h'e�f;�?e�h s � s e�l?q�rRs h � k�lR� g�q8k�lRr

rRs h �Rj k�� g {Lg l�� w�!-oRd/s l8f e�d {Lk�j;rRs h � oRh h s e�lRh-~
s � ��h � oRrRg l�� h/k�lRr�rRg � k�s j g r�k�lRk�j uRh s h-e f'� �Rg s d
~
d s � � g l�d g h �]e�lRh g hL� e3{Lk�l�u�e�f-� �Rg��8oRg h � s e�lRhLrRg h � d s 
?g r�s l�� �Rs h+~De�d x�h �Re ~ � �Rk �Gh � o��

rRg l�� h'f d g �8oRg l�� j uLoRh g
� �Rg�� g d {Lh � {Lk�}�lRg � s �D�]g j r �0k�lRr � {Lk�}�lRg � s � �]o����+s l�� g d � �Rk�lR}�g k�
Rj u�w

�8g p�g d k�j)h � oRrRs g h
rRg h � d s 
?g r�s l�vD�Rk��8� g d � d g �]e�d �-h e�{Lg0h � oRrRg l�� h �?s lRk�
Rs j s � uL� eGh o��L� s g l�� j u

h g �Rk�d k � gL� �RgGs rRg k�h0e�f
g j g � � d s �Gk�lRr�{Lk�}�lRg � s �+�]g j rRh w�i
j e�lR}�~
s � ��k�}�g lRg d k�jD� e�l8f oRh s e�l?q

h e�{Lg/h �?g � s �]�/{Lk�lRs f g h � k � s e�lRhDe�fK� �Rs h�k�d g-� �Rg�
]g j s g fK� �Rk��
{Lk�}�lRg � s �/�]e�j g hD~
s j j;k � � d k�� �
e�d

d g �?g jKg j g � � d s �/� �Rk�d }�g h-k�lRr�� �Rk �
� �Rg0{Lk�}�lRg � s �-�]g j r�k�h h e8� s k � g r�~
s � ��kG� oRd d g l��/� k�d d u8s lR}
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s d g0s h/d k�rRs k�j j u�e�o8� ~�k�d r3e�d-s l�~Dk�d r?w��8� �Rg d d-f e�oRlRr�h � oRrRg l�� h0� e�l8f oRh g�� ��k�lRr � s l�� �Rg
� e�l�� g ���-e�f)h �?g � s k�j;d g j k � s pRs � u�w � ��� � yKs �R�R{Lk�l�d g �?e�d � h
� e�l8f oRh s e�l�e�f)g lRg d } u�j g p�g j h q�/Lq]k�lRr

� d k�lRh s � s e�lRh�
?g � ~Dg g l�g lRg d } u�j g p�g j h�� d g j k�� g r�� eG� �Rg+h �]g � � d k�j)j s lRg h � q � /LqKs l�� �Rg+� e�l�� g ���
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� �Rg d+d g h g k�d � ���Rk�h0rRe8� oR{Lg l�� g r�� �RgGrRs �L� oRj � u�h � oRrRg l�� h+�Rk p�gG~
s � ��rRs h � s lR}�oRs h �Rs lR}

k �8oRk�l�� s � u�f d e�{ s � h+d k � g�e f-� �Rk�lR}�g�w ���Rs h+s h+�]e�h h s 
Rj u�rRs �G� oRj ��
]g � k�oRh gG� �Rg�� e�lR� g �8� h
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0.6 V


0.0 V
 + 3.0 V


Voltmeter
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A
 B


2 cm
 4 cm
 6 cm
 8 cm
 10 cm
 12 cm
 14 cm
 16 cm
 18 cm


1.8 V
 2.4 V


To the right is a picture of the setup you

used in lab.  The electrodes a
re placed at

each end of a 20 cm long strip of

conductive paper (that is 3 cm wide).

Below is a larger view of the paper.

Assume that you and your lab partner

measured the voltages shown at the each

position on the paper.


How does the magnitude of the
 e
lectric field
 at point A on the paper compare to

the
 electric field
 at point B?
 Explain
 the physics behind your answer.
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In the diagram shown, there is an amount of positive charge distributed 

uniformly on a conducting metal ring.  The electric potent
ial is given for 

a series of points, as shown. 
 

 

 

 

 

How does the magnitude of 

the 
electric field
 at point A 

compare to that at point B?  

Explain
 the physics behind 

your answer.  
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�]g j r?w

i
lRe�� �Rg d�s l��]oRg lR� g-e�lGh � oRrRg l�� h �]s l�� g d �Rd g � k � s e�lLe�f;� �Rg
s rRg k0e�fK� �Rk�lR}�g-s l��]o��Gs h)� �Rg s d

s l�� g d �Rd g � k�� s e�l�e f)� �Rg0s rRg k�h
e�f � oRlRs f e�d {��Lk�lRr � � e�lRh � k�l�� w ��i�l8oR{�
?g d-e f'h � oRrRg l�� h-{Ls h �

s l�� g d �Rd g � g r�h s � oRk�� s e�lRhLs l�p�e�j p8s lR}3oRlRs f e�d { g j g � � d s ��k�lRr�{Lk�}�lRg � s �G�]g j rRhLk�hLlRg � g h h k�d s j u

� e�d d g h �?e�lRrRs lR}�� e�� e�lRh � k�l����8oRk�l�� s � s g h0h oR� ��k�h/p�g j e8� s � u�qKk�� � g j g d k � s e�l?qKe�d/s lRrRoR� g r�g {+f w

� l+s lRrRoR� � s e�l�� d g j k�� g r��8oRg h � s e�lRh q8h e�{Lg�h � oRrRg l�� h'h s {Ls j k�d j u/� e�lR� j oRrRg r0� �Rk��)k�h)j e�lR}
k�h)h oR� �

�����



��oRk�l�� s � s g hDk�h�j s lRg k�d)p�g j e8� s � u�qRk�lR}�oRj k�d'p�g j e8� s � u�qRk�lRr���e�dDk�d g k0~�g d g-� e�lRh � k�l�� � f e�dDk�lGs lRrRs �
p8s rRoRk�j8j e8e����;e�dK� �Rg�h k�{Lg � f e�d){0oRj � s �Rj gDj e8e��Rh � q�� �Rg l+� �Rg�s lRrRoR� g rLg {+f]f e�d;� �Rg h gD~�e�oRj r�
]g

� �Rg0h k�{Lg � k��-{+oRj � s �Rj g/s lRh � k�l�� h-s l�� s {Lg�q?e�d-� e�{L�Rk�d g r�� eGg k�� ��e�� �Rg d � w"!
� �Rg d-h � oRrRg l�� h

{Ls h s l�� g d �Rd g � g r3� �RgGs rRg k�h0e�f
oRlRs f e�d { k�lRr�� e�lRh � k�l��0� e�s {L�Rj u�� �Rk��0� �Rg d gL~�e�oRj r 
]gGlRe

s lRrRoR� g r�g {+f h�s l�h oR� ��h s � oRk�� s e�lRh�h s lR� g-� �Rg d g-~�e�oRj r�
]g/lRe+� �Rk�lR}�g/s l��]o��]w�!-� � k�h s e�lRk�j j u

� �Rg0j k�� x�e fDrRs h � s lR� � s e�l 
]g � ~�g g l�� �Rg0g p�g d uRrRk u�{Lg k�lRs lR}�h
e�f � oRlRs f e�d {��Lk�lRr � � e�lRh � k�l�� �

{Lk uL� e�l�� d s 
Ro8� g
� e0h � oRrRg l�� h �R� e�l8f oRh s e�lGe f;� �Rg
s rRg k�hDe f;� g {L�?e�d k�jRk�lRrLh �Rk�� s k�j]� �Rk�lR}�g hDs l

{Lk�}�lRg � s �
�]g j r?q]k�lRrG~
�Rs � ��s h�d g j g p�k�l��
s lG� �Rg/� e�l�� g �8�-e f)s lRrRoR� � s e�l?w

i �]lRk�j)� e�}�lRs � s p�g+rRs �L� oRj � u�e�
Rh g d p�g r3s l�� �Rg+� e�l�� g �8�0e f�s lRrRoR� � s e�l�s h
� �Rk �0e fD� k�oRh k�j

d g k�h e�lRs lR}Rw!���Rg
� k�oRh k�j]h g �8oRg lR� g
s l�p�e�j p�g rLs l+{Lk�}�lRg � s �Ds lRrRoR� � s e�lLs h)h e�{Lg ~
�Rk��'� e�{L�Rj g �]w

i
hKs l/e�� �Rg dK� e�l�� g �8� h q�h � oRrRg l�� hKh e�{Lg � s {Lg h;d g p�g d h gDk�l/g 	?g � �K~
s � �0s � h;� k�oRh g w �]e�d;g �8k�{L�Rj g q

s l3� �RgL� e�l�� g �8�Le f
s lRrRoR� � s e�l�h e�{LgGh � oRrRg l�� h0f g g j'� �Rk��0� �RgGs lRrRoR� g r�� oRd d g l��L� k�oRh g h0� �Rg

s lRrRoR� g r3g {+f qKe�d-� �Rk �0� �RgLs lRrRoR� g r3{Lk�}�lRg � s �0�]g j r�� k�oRh g h/� �RgLs lRrRoR� g r�� oRd d g l�� q'd k � �Rg d

� �Rk�l�� �Rg/d g p�g d h g w

i�l�oR{�
]g dKe f]�?g e��Rj g'h oR}�}�g h �K� �Rk��)h � oRrRg l�� h ��x�lRe ~
j g rR}�gD{Ls }����!
]gD� e�{L�Rd s h g r0e�f]h {Lk�j j q
j e8e�h g j u�e�d }�k�lRs � g r3s rRg k�h-� �Rk��0h g d p�gGk�h/� �Rg�
Rk�h s h-f e�d-d g k�h e�lRs lR}�e�d/k�h0� oRg h-� e�{Le�d gLrRg �

� k�s j g r0s rRg k�h q�d k � �Rg dK� �Rk�l+lRg � g h h k�d s j u0� e�lRh s h � s lR}-e�f]rRg � k�s j g r?q�� e��Rg d g l�� q8e�d)d e�
RoRh �'{Le8rRg j h w

�8g p�g d k�j?e�f?� �Rg�f d k�{Lg ~�e�d x8h qRh oR� �Gk�h'rRs �8g h h k�� h � x8lRe ~
j g rR}�g-s lL�Rs g � g h �8p8s g ~/qRk�d g
rRg h � d s 
?g r

s l�� �Rs hL� �Rk��8� g d w�� l�k�rRrRs � s e�l?qDg �8k�{L�Rj g hLe�f-�Re ~ � �Rg h g�h {Lk�j j�s rRg k�h+{Lk u 
]g�s l��]oRg lR� g

h � oRrRg l�� h �;� �Rs lRx8s lR}�k�
?e�o8�0s lRrRoR� � s e�l�k�d g+rRs h � oRh h g r?w��]e�d/g �Rk�{L�Rj g�q2<I-�1�� 6�KG% �[��� �Rd s {

h oR}�}�g h � h�k3}�g lRg d k�j � {Le�d g�s hG{Le�d g �3d g j k � s e�lRh �Rs � 
?g � ~Dg g l�p�k�d s k�
Rj g h w�� l�� �Rg�� e�l�� g ���

e f�s lRrRoR� � s e�l?q;� �Rs h0� k�l3h g d p�gLh � oRrRg l�� h0~Dg j j's f � � �Rk�lR}�gLs l �]o�� �Ks h/� e�lRh s rRg d g r3� e 
]g+� �Rg

k�}�g l�� ��� �Rk ��s h qRk0�Rs }��Rg dDd k � g-e fK� �Rk�lR}�g-s l��]o��G}�g lRg d k � g hD{Le�d g
s lRrRoR� g rGg {+f w)n-e ~Dg p�g d q

� �Rg�h k�{Lg���� �Rd s { � k�l�h oR�R�?e�d �Gs lR� e�d d g � �Gd g h �]e�lRh g hGs f-k�lRe � �Rg d���oRk�l�� s � u�h oR� ��k�h+�]g j r

����




h � d g lR}�� �?q �]o��?q;e�d-{Le�� s e�l � h oR� �3k�h-j s lRg k�d
e�d-k�lR}�oRj k�d
h �]g g r��-s h-� e�lRh s rRg d g r�� e��Rj k u�� �Rg
d e�j g-e f)k�}�g l�� w �0F 3 $�C=% �I%(FL� k�l�h g d p�g-� e+s {L�Rj u+� �Rk���s lRrRoR� g r�g {+fKs hD� d k�lRh s g l�� qR�Re ~�g p�g d q

k�� � e�d rRs lR}0� e+rRs �8g h h kRqRh � oRrRg l�� h
h e�{Lg � s {Lg hDf g g j]� �Rk��D� �Rs h���� �Rd s { s hDh o��G� s g l��
� e+g �R�Rj k�s l

��-�FGk�l�g 	?g � �-s hD� d k�lRh s g l��-d k � �Rg dD� �Rk�l�h g g x�s lR}LoRlRrRg d j u8s lR}L� k�oRh g h w

���Rg h g
��� �Rd s {LhK� k�l+h g d p�g�k�h)d g h e�oRd � g hKf e�dKh � oRrRg l�� h �8oRlRrRg d h � k�lRrRs lR}8q�
Ro8�)� �Rg u+d g ��oRs d g

k�rRrRs � s e�lRk�j's l8f e�d {Lk�� s e�l�h oR� ��k�h0k�h h e8� s k � g r��Rd g � d g �8oRs h s � gL� e�lRrRs � s e�lRh-f e�d-~
�Rg l�g k�� �����

�Rd s { k��R�Rj s g h+s l�rRs 	?g d g l��G� e�l�� g ��� h q
k�lRr�� oRs lR}3�Rd s e�d s � s g h0� e3�Rg j ��h � oRrRg l�� hGrRg � g d {Ls lRg

~
�Rs � ����� �Rd s { h �Re�oRj r�rRe�{Ls lRk�� g-s l�� k�h g h
e�f)� e�l��]s � � w

����
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�!��� g d lRk�j'd g �Rd g h g l�� k � s e�lRh ��� �Re�h g+� �Rk��/g �Rs h �/e�o8� h s rRg+e�lRg�� h/{Ls lRr���� k�l 
]g+� j k�h h s �]g r

s l�� e�h g p�g d k�j'� k�� g }�e�d s g h � p�g d 
Rk�j qK�Rs � � e�d s k�j q;�R��uRh s � k�j q;k�lRr3{Lk � �Rg {Lk � s � k�j w/mDg d 
Rk�j)d g �Rd g �

h g l�� k � s e�lRh/k�d gL�]g d �Rk��Rh0h g j f � g �R�Rj k�lRk�� e�d u�wLc's � � e�d s k�j)d g �Rd g h g l�� k � s e�lRh/k�d g+h s {L�Rj s �]g r 
Ro8�

d g k�j s h � s �Lh x�g � � �Rg hGe f-�R��u8h s � k�j�h s � oRk � s e�lRh w�c'��uRh s � k�j�d g �Rd g h g l�� k � s e�lRh+k�d gG{Le�d gGh �]g � s k�j �

s � g r?q/k�
Rh � d k�� � g r�d g �Rd g h g l�� k�� s e�lRh�e�f+�R��uRh s � k�j/h s � oRk�� s e�lRhG� �Rk���oRh g3� k�d g f oRj j u�rRg h s }�lRg r

� e�l�p�g l�� s e�lRh�� e+g lR� e8rRg/oRh g f oRjKs l8f e�d {Lk�� s e�lLk�
]e�o8�
h e�{Lg/k�h �?g � �
e�f;� �Rg/h s � oRk�� s e�l?w �!�8k�{��

�Rj g hDs lR� j oRrRg�f d g g � 
?e8r8uLrRs k�}�d k�{Lh � �)tD�/h � q8g lRg d } u�
Rk�dD� �Rk�d � h � �'t
vDh � qR� s d � oRs �DrRs k�}�d k�{Lh q

�]g uRlR{Lk�l�rRs k�}�d k�{Lh q
d k u�rRs k�}�d k�{Lh q
k�lRr�}�d k��R�Rh w ��k � �Rg {Lk � s � k�j-d g �Rd g h g l�� k � s e�lRh�k�d g

h u8{�
]e�j h�k�lRr�g �8oRk � s e�lRhD� �Rk��
o8� s j s � g
� �Rg/d oRj g h
e f){Lk�� �Rg {Lk�� s � hD� eLrRg h � d s 
]g/�R��u8h s � k�jKh s � �

oRk � s e�lRh w��!�Rk�{L�Rj g hLs l�� �Rg�� e�l�� g �8�Ge�f-{Lk�}�lRg � s ��s lRrRoR� � s e�l�k�d g�h �Re ~
l�s l �)s }�oRd g � w � w

|
g �Rd g h g l�� k � s e�lRh
� k�l�k�j h e�
]g/s l�� g d lRk�j s � g rGk�h�h � k�� s �-e�d�k�lRs {Lk�� g rGpRs h oRk�j;s {Lk�}�g h w

�]oRlR� � s e�lRk�j)oRlRrRg d h � k�lRrRs lR}Gs l��R��u8h s � h/s lR� j oRrRg h
� �Rg0k�
Rs j s � u�� e�s l�� g d �Rd g � q;k��R�Rj u�q;k�lRr
� d k�lRh j k�� g)k�{Le�lR}�{0oRj � s �Rj gKd g �Rd g h g l�� k�� s e�lRhKe fR�R��uRh s � hK� e�lR� g �8� h w!���Rg)~�e�d x-e f �Kk�
Rk�� �RlRg � x��

�8� �Rs � f,. +2%(' � ��� � q;s lG� �Rg0� e�l�� g �8�/e f'g � e�lRe�{Ls � h q?h �Re ~
h
� �Rk �/g �R�]g d � h �?�Rd e�
Rj g { h e�j pRs lR}Ls h

� �Rk�d k�� � g d s � g r�
�u � � �Rg'g k�h gDk�lRr/f d g ��oRg lR� u0~
s � �/~
�Rs � �0k�l0g �8�?g d �'oRh g h){+oRj � s �Rj g)d g �Rd g h g l��

� k � s e�lRh �+~
�Rg d g k�h-kLlRe pRs � g/� g lRrRh
� eLoRh g0e�lRj u�e�lRg0d g �Rd g h g l�� k � s e�l�k��
kL� s {Lg w���� d k � g }�s g h

�����
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N 6

�)s }�oRd g � w � � �!�Rk�{L�Rj g hLe f/{+oRj � s �Rj gGd g �Rd g h g l�� k � s e�lRhLoRh g r�s l�� �Rg�� e�l�� g ����e�f-{Lk�}�lRg � s �
s lRrRoR� � s e�l?w �-e � g�� �Rg-k�{�
Rs }�oRs � uLs l+� �Rg
� ~�e � rRs {Lg lRh s e�lRk�j]d g �Rd g h g l�� k � s e�lGe�f?� �Rg-rRs d g � � s e�l
e f){Lk�}�lRg � s �
�]g j r � v'z e�d
v�v'z ��k�d e�oRlRrG� �Rg/h � d k�s }����
� oRd d g l�� � � k�d d uRs lR}+~
s d g w

�����



f e�d0�Rk p8s lR}�h � oRrRg l�� h+d g k�h e�l�k�
]e�o8�0�R��u8h s � k�jD�Rd e8� g h h g h+oRh s lR}�{+oRj � s �Rj g+d g �Rd g h g l�� k � s e�lRh q
d k � �Rg d)� �Rk�lLh s {L�Rj u+h e�j pRs lR}���oRk�l�� s � k�� s p�g��Rd e�
Rj g {Lh q8k�d g
rRg h � d s 
]g rLs l � ��� � q � � � � q � � � � q8k�lRr

� ��� � wG|
g h e�oRd � gLx8s � h/e�f�{Lk�� g d s k�j h
f e�d0oRh s lR}�{+oRj � s �Rj g+d g �Rd g h g l�� k � s e�lRh0s l�� �RgL� j k�h h d e8e�{

� �Rd e�oR}��Re�o8�/� �Rg+s l�� d e8rRoR� � e�d u��R��uRh s � h0� e�oRd h g+k�d g+k p�k�s j k�
Rj g�w � ��
 � �?e�o � � � � rRg h � d s 
]g h-� �Rg

g 	;g � � s p�g lRg h hGe�f-k�{0oRj � s �Rj g�d g �Rd g h g l�� k � s e�l�h � d k � g } u�f e�dL�Rg j �Rs lR}3h � oRrRg l�� hGoRlRrRg d h � k�lRr

~De�d x�� g lRg d } u��Rd e8� g h h g h+k�lRr�h e�j p�gGd g j k�� g r��Rd e�
Rj g {Lh w�mDk�l�n
g o8p�g j g l � � � � d g �]e�d � h/� �Rk��

h � oRrRg l�� hLoRh s lR}�� �Rg�{Lk�� g d s k�j h0�Rg�rRg h � d s 
]g h+�?g d f e�d {Lg r�h s }�lRs �]� k�l�� j u

?g � � g d+e�l�h g p�g d k�j

{Lg k�h oRd g h/� �Rk�l3h � oRrRg l�� h/~
�Re��Rk�r�
]g g l3� k�oR}����0s l3k�{Le�d g0� d k�rRs � s e�lRk�jK~Dk u�w �-k�o8� d g k�o

k�lRr �
e p�g {Lh x�u � ��
 � k�j h e0d g �]e�d �De�l+� �Rg
g 	?g � � s p�g lRg h h�e�f?� �Rg-� e�lR� g �8� h � �]d h � qR{+oRj � s �Rj g�d g ���

d g h g l�� k�� s e�l�{Lg � �Re8rRh�� !/v �8c �/rRg h � d s 
?g r�s l�� � � � k�lRr � ��
 � w � l3� �Rs h/� k�h g�qK� �RgG�Rd e f g h h e�d

oRh s lR}/� �Rg"!/v �8c�{Lk�� g d s k�j h'�Rk�rGlRe�� 
]g g l�s l�p�e�j p�g rL~
s � �G� �Rg-rRg p�g j e��R{Lg l��
e�f;� �Rg {�qRk�lRr

�Rs h)h � oRrRg l�� hDe�o8� � �?g d f e�d {Lg r+h s {Ls j k�dKh � oRrRg l�� h'� k�oR}����Ds lLk/{Le�d gD� d k�rRs � s e�lRk�j�~Dk u�q8e�l+�]lRk�j

g �Rk�{ �8oRg h � s e�lRh�� �Rk ��~�g d g0rRg h s }�lRg r 
�u�� �Rg/�Rd e f g h h e�d h
e�fK� �Rg/{Le�d g-� d k�rRs � s e�lRk�j?� j k�h h g h w

z��Rs j gLrRs 	?g d g l��+d g �Rd g h g l�� k � s e�lRh+{Lk u�
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In each picture below, the connecting wires of a light bulb are sliding horizontally

on top of a 3
-
sided metal rail, inside a region of uniform magnetic field.  (All

resistances are negligible compared to that of the bulb itself.)  The
 magnetic fields

ar
e identical
, and directed out of the page (     ).  The dimensions are as shown,

but all rods move with the
 same constant speed
,
 v
.


Compare the brightness of the bulbs in each case.  Explain your reasoning.
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Explain:


D > E
 (D is brighter)

D < E
 (E is brighter)

D = E = 0
 (neither lit)

D = E
  0
 (lit equally)


D > F
 (D is brighter)

D < F
 (F is brighter)

D = F = 0
 (neither lit)

D = F
  0
 (lit equally)
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