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Please read and follow these instructions carefully: 

 

• Read all problems carefully before attempting to solve them. 

• Your work must be legible, and the organization clear. 

• You must show all work, including correct vector notation. 

• You will not receive full credit for correct answers without adequate explanations. 

• You will not receive full credit if incorrect work or explanations are mixed in with 

correct work.  So erase or cross out anything you don’t want graded. 

• Make explanations complete but brief.  Do not write a lot of prose. 

• Include diagrams. 

• Show what goes into a calculation, not just the final number.  For example,

 

• Give standard SI units with your results unless specifically asked for a certain 

unit. 

• Unless specifically asked to derive a result, you may start with the formulas given 

on the formula sheet including equations corresponding to the fundamental 

concepts. 

• Go for partial credit.  If you cannot do some portion of a problem, invent a 

symbol and/or value for the quantity you can’t calculate (explain that you are 

doing this), and use it to do the rest of the problem. 

• All multiple-choice questions are worth 3 points and each free-response part is 

worth 7 points. 

 

 

 

 

 

 

 

 
I affirm that I have carried out my academic endeavors with full academic honesty. 

 
__________________________________________ 

Problem #1 /24 

Problem #2 /24 

Problem #3 /24 

Total /72 



1.  Motion of a charge in a magnetic field 

 

An electron is accelerated, from rest, through a potential difference of 250𝑉, at which 

point it enters a set of parallel horizontal metal plates that contain crossed electric and 

magnetic fields.  The magnetic field points into the plane of the paper and has magnitude 

|�⃗� | = 𝐵 = 0.7611𝑇 as shown below.  

 

a. Which of the following below gives the direction of the electric field between the 

horizontal metal plates so that the electron goes undeflected (𝐹 𝑛𝑒𝑡 = 0) between the 

plates? 

 

1. The electric field points to the right. 

2. The electric field points to the left. 

3. The electric field points up the plane of the paper. 

4. The electric field points down the plane of the paper. 

 

b. What is the direction of the electron’s motion through the field?  That is, which way 

does the electron initially move when it leaves the horizontal set of capacitor plates 

and what is the diameter of the electron’s motion through the field?  Assume that the 

velocity is perpendicular to the magnetic field. 

 

𝑊 = −𝑞∆𝑉 = −(−𝑒)𝑉 = 250𝑒𝑉 

𝑊 = ∆𝐾 =
1

2
𝑚𝑣2 → 𝑣 = √

2𝑊

𝑚
 

𝑣 = √
2 × 250𝑒𝑉 ×

1.6 × 10−19𝐽
1𝑒𝑉

9.11 × 10−31𝑘𝑔
 

 

𝑣 = 9.4 × 106𝑚

𝑠
 

 

 𝐹 = 𝑞𝑣𝐵 = 𝑚𝑎 = 𝑚
𝑣2

𝑅
→ 𝐷 = 2𝑅 =

2𝑚𝑣

𝑞𝐵
=

2×9.11×10−31𝑘𝑔×9.4×106𝑚
𝑠

1.6×10−19𝐶×0.7611𝑇
= 1.4 × 10−4𝑚 

 The direction of the magnetic force is down the plane of the page. 
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c. Derive an expression for the orbital period of the election’s motion about the 

magnetic field and show that the motion is independent of the orbital radius  

 

 

𝑣⊥ =
2𝜋𝑅

𝑇
=

𝑞𝑅𝐵

𝑚
→ 𝑇 =

2𝜋𝑚

𝑞𝐵
 independent of the radius of the charged particle. 

 

 Where 𝑣⊥ is obtained from:  𝐹 = 𝑞𝑣⊥𝐵 = 𝑚
𝑣⊥

2

𝑅
→ 𝑣⊥ =

𝑞𝑅𝐵

𝑚
. 

 

 

 

 

 

 

 

 

 

 

 

 

d. Suppose that the set of horizontal capacitor plates were tipped into the plane of 

the page by an angle of 𝜃 = 120.  What are the orbital radius and pitch of the 

elections in the magnetic field? 

 

𝑣∥ = 𝑣 cos 𝜃 =
𝑙

𝑇
→ 𝑙 = (𝑣 cos 𝜃)𝑇 = (𝑣 cos 𝜃)

2𝜋𝑚

𝑞𝐵
 

𝑙 = 9.4 × 106𝑚

𝑠
(cos 78)

2𝜋×9.11×10−31𝑘𝑔

1.6×10−19𝐶×0.7611𝑇
= 9.2 × 10−5𝑚  

 

 

𝑣⊥ = 𝑣 sin𝜃 =
2𝜋𝑅

𝑇
→ 𝑅 =

(𝑣 sin 𝜃)𝑇

2𝜋
=

(𝑣 sin 𝜃)
2𝜋𝑚
𝑞𝐵

2𝜋
=

𝑚𝑣

𝑞𝐵
sin 𝜃 

𝑅 =
9.11 × 10−31𝑘𝑔 × 9.4 × 106𝑚

𝑠

1.6 × 10−19𝐶 × 0.7611𝑇
sin 78 = 6.9 × 10−5𝑚 

 

 

 

 

 

 

 

 

 

 

 



2. Faraday’s law 

Suppose that a wire loop with dimensions shown in 

the figure on the right, was placed in the plane of 

the page below a beam of protons.  The proton 

beam is directed to the right across the plane of the 

page at a rate of 1.25 × 1017𝑝𝑟𝑜𝑡𝑜𝑛𝑠

𝑠𝑒𝑐𝑜𝑛𝑑
 

 

 

a. What are the net magnetic fields, due to the 

beam of protons, at the location of the upper 

wire of the loop and the lower wire of the loop? 

 

 

 𝐵𝑢 =
𝜇0𝐼𝑢

2𝜋𝑟𝑢
=

4𝜋×10−7𝑇𝑚
𝐴 ×(1.25×1017𝑝𝑟𝑜𝑡𝑜𝑛𝑠

𝑠
×

1.6×10−19𝐶

𝑝𝑟𝑜𝑡𝑜𝑛
)

2𝜋×0.1𝑚
= 4 × 10−8𝑇 into the page. 

 𝐵𝑙 =
𝜇0𝐼𝑙

2𝜋𝑟𝑙
=

4𝜋×10−7𝑇𝑚
𝐴 ×(1.25×1017𝑝𝑟𝑜𝑡𝑜𝑛𝑠

𝑠
×

1.6×10−19𝐶

𝑝𝑟𝑜𝑡𝑜𝑛
)

2𝜋×0.2𝑚
= 2 × 10−8𝑇 into the page. 

 

 

 

 

 

 

 

 

b.   What is the net magnetic force on the wire loop if a counterclockwise current of 

𝐼 = 12𝜇𝐴 flows in the wire loop?  Note, the current in the wire loop is due to a 

battery and resistor, which are not shown in the picture. 

 

 𝐹𝐵,𝑢 = 𝐼𝑢𝐿𝐵𝑢,𝑙 = 12 × 10−6𝐴 × 0.1𝑚 × 4 × 10−8𝑇  

𝐹𝐵,𝑢 = 4.8 × 10−14𝑁 down the plane of the page. 

 

𝐹𝐵,𝑙 = 𝐼𝑙𝐿𝐵𝑙,𝑢 = 12 × 10−6𝐴 × 0.1𝑚 × 2 × 10−8𝑇  

𝐹𝐵,𝑢 = 2.4 × 10−14𝑁 up the plane of the page. 

 

𝐹𝑛𝑒𝑡 = 𝐹𝑙 − 𝐹𝑢 = 4.8 × 10−14𝑁 − 2.4 × 10−14𝑁 = 2.4 × 10−14𝑁 down the 

plane of the page. 

  

 

 

 

 

 

 

0.1𝑚 

0.2𝑚 

0.1𝑚 

Beam of protons 



c.   Suppose that the battery is removed from the wire loop and that the beam of 

protons is turned off over a time of 3𝜇𝑠.  What are the magnitude and direction of 

the induced current in the loop of wire due to the changing magnetic field if the 

resistance of the wire loop is 1𝜇Ω?  Assume that the magnetic field at any point in 

time is uniform over the wire loop and is given as the value of the magnetic field 

at the midpoint of the loop. 

  

 𝐵𝑚𝑝 =
𝜇0𝐼𝑝𝑟𝑜𝑡𝑜𝑛𝑠

2𝜋𝑟𝑚𝑝
 

 𝐵𝑚𝑝 =
4𝜋×10−7𝑇𝑚

𝐴 ×(1.25×1017𝑝𝑟𝑜𝑡𝑜𝑛𝑠
𝑠 ×

1.6×10−19𝐶
𝑝𝑟𝑜𝑡𝑜𝑛 )

2𝜋×0.15𝑚
= 2.7 × 10−8𝑇 into the plane of the 

page. 

 

 The induced emf:  𝜀 = |−𝑁|
∆𝜙𝐵

∆𝑡
= 𝑁𝐴 cos 𝜙

Δ𝐵

Δ𝑡
. 

 

𝜀 = |−𝑁𝐴
∆𝜙𝐵

∆𝑡
| = |𝑙2 cos 𝜙

Δ𝐵

Δ𝑡
| = |𝑙2

∆𝐵

∆𝑡
| 

𝜀 = |(0.1𝑚)2 [
0 − 2.7 × 10−8𝑇

3 × 10−6𝑠
]| = 8.9 × 10−5𝑉 

 

 The current:  𝐼 =
𝜀

𝑅
=

8.9×10−5𝑉

1×10−6Ω
= 89𝐴 

 Since the magnetic flux is decreasing the induced current would be clockwise to 

oppose the decrease. 

 

 

 

 

d. Suppose that you had the following situation, in which the proton beam is directed 

along the normal to the loop of wire as shown below.  The proton beam decreases 

over a time of 3𝜇𝑠 and after 3𝜇𝑠, becomes zero. Which of the following gives the 

current induced in the wire loop? 

1. As the beam of protons disappears, a counterclockwise current in the wire. 

2. As the beam of protons disappears, a clockwise current in the wire. 

3. As the beam of protons disappears, zero induced current in the wire. 

4. As the beam of protons disappears, a current is produced but the direction is 

unable to be determined. 
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3. Lenses 

 

Consider the two lenses shown below in which the lens on the left (𝐿1) has a power of 

+2.5𝐷, where the power is given as  
1

𝑓
 in meters.  The lens on the right (𝐿2) has an unknown 

focal length.  An object is placed at a distance of 32𝑐𝑚 to the left of 𝐿1, and the lenses are 

separated by a distance of 1.5𝑐𝑚.  

 

a. What is the location of the image of the object with respect to 𝐿1 and what is the focal 

length of the second lens, 𝐿2, if the lens to screen distance is 2.5𝑐𝑚 and a sharp image is 

produced on the screen?   

 

 
1

𝑑01
+

1

𝑑𝑖1
=

1

𝑓1
→

1

𝑑𝑖1
=

1

𝑓1
−

1

𝑑𝑜1
= 2.5𝑚−1 −

1

0.32𝑚
 

𝑑𝑖1 = −1.6𝑚 

 

 𝑑02 = 𝐷 + 𝑑𝑖1 = 0.015𝑚 + 1.6𝑚 = 1.615𝑚 

 

 
1

𝑑02
+

1

𝑑𝑖2
=

1

𝑓2
→

1

𝑓2
=

1

1.615𝑚
+

1

0.025𝑚
 

𝑓2 = 0.0246𝑚 = 2.46𝑐𝑚 

 

 

 

 

 

 

 

 

 

 

b. What is the total magnification of the object on the screen? Is the final image on the 

screen upright or inverted with respect to the original object? 

 

 𝑀𝑇 = 𝑀1𝑀2 = (
𝑑𝑖1

𝑑01
)(

𝑑𝑖2

𝑑02
) = (

1.6𝑚

0.32𝑚
)(

0.025𝑚

1.615𝑚
) = 0.078 

 

 The final image is inverted with respect to the original object. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

𝐿1 𝐿2 screen 

object 

Diagram not drawn to scale 



c.   Suppose that we replace the screen with a piece of material with index of refraction 𝑛𝑚 =
1.40.  This piece of material is surrounded on all sides by air.  At what angle of incidence 

𝜃 on the front surface of the material would be needed to guarantee total internal 

reflection of the light in the material?  Is 𝜃 a maximum or a minimum angle?   

 

 

 

 Upper surface: 

𝑛𝑚 sin 𝜃𝑐 = 𝑛𝑎𝑖𝑟 sin 90 = 1 

 sin 𝜃𝑐 =
1.0

1.4
→ 𝜃𝑐 = 45.60 

 

 

 Front surface: 

𝑛𝑎𝑖𝑟 sin 𝜃 = 𝑛𝑚 sin 𝜃𝑚 = 𝑛𝑚 sin(90 − 𝜃𝑐) → sin 𝜃 =
𝑛𝑚

𝑛𝑎𝑖𝑟
sin(90 − 𝜃𝑐) 

sin 𝜃 =
1.4

1.0
sin(90 − 45.6) = 0.98 → 𝜃 = 78.40 

 

This is a minimum angle of incidence that the light can have on the front surface.  

If this angle is greater than 78.40, the light will be totally internally reflected. 

 

 

 

 

 

 

 

 

 

d. Suppose that the light from a green laser pointer is aimed onto the face of a transparent 

plastic cube (𝑛𝑐𝑢𝑏𝑒 = 1.425) as shown below.  If the plastic cube were surrounded on all 

sides by oil (𝑛𝑜𝑖𝑙 = 1.516), which of the following best illustrates the direction of the 

beam after it emerged from the plastic cube? 

1. 1. 

2. 2. 

3. 3. 

4. 4. 

5. None of these gives the correct direction of the beam after it emerges from the 

glass cube. 

 

 

 

 
 

 
 

 

𝑛𝑚 = 1.40 𝜃 

  1.          2.    3.            4. 
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g = 9.8 m

s2

1e =1.6 ´10-19C

k =
1

4peo
= 9 ´109 Nm 2

C 2

eo = 8.85 ´10-12 C 2

Nm 2

1eV =1.6 ´10-19J

mo = 4p ´10-7 Tm
A

c = 3´108 m
s

h = 6.63´10-34 Js

me = 9.11´10-31kg =
0.511MeV

c 2

mp =1.67 ´10-27kg =
937.1MeV

c 2

mn =1.69 ´10-27kg =
948.3MeV

c 2

1amu =1.66 ´10-27kg =
931.5MeV

c 2

NA = 6.02 ´1023

Ax 2 + Bx + C = 0 ® x =
-B ± B2 - 4AC

2A

  

Circles : C = 2pr = pD A = pr2

Triangles : A = 1
2
bh

Spheres : A = 4pr2 V = 4
3
pr3
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Magnetic Forces and Fields   
 

 

 
 

 

 

 

 

Light as a Particle & Relativity   Nuclear Physics  
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