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The gap of square parallel plate capacitor is completely filled by an insulator 
with dielectric constant 𝜅.  The capacitor has sides of length 𝑎 and a 
distance between the plates 𝑑.  The isolated capacitor holds charge 𝑄.
• What is the change in charge on the capacitor?
• The dielectric is removed from the capacitor.  What is the change in 

energy stored on the capacitor?
• What is the change in potential across the capacitor?

The gap of square parallel plate capacitor is completely filled by an insulator 
with dielectric constant 𝜅.  The capacitor has sides of length 𝑎 and a 
distance between the plates 𝑑.  The isolated capacitor holds charge 𝑄.
• What is the change in charge on the capacitor?
• The dielectric is removed from the capacitor.  What is the change in 

energy stored on the capacitor?
• What is the change in potential across the capacitor?

Let 𝐶 be without dielectric: 𝐶 = 𝜅𝐶 and 𝐶 = 𝐶

𝑄 = 𝑄 = 𝑄

The gap of square parallel plate capacitor is completely filled by an insulator 
with dielectric constant 𝜅.  The capacitor has sides of length 𝑎 and a 
distance between the plates 𝑑.  The isolated capacitor holds charge 𝑄.
• What is the change in charge on the capacitor?
• The dielectric is removed from the capacitor.  What is the change in 

energy stored on the capacitor?
• What is the change in potential across the capacitor?
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The gap of square parallel plate capacitor is completely filled by an insulator 
with dielectric constant 𝜅.  The capacitor has sides of length 𝑎 and a 
distance between the plates 𝑑.  The isolated capacitor holds charge 𝑄.
• What is the change in charge on the capacitor?
• The dielectric is removed from the capacitor.  What is the change in 

energy stored on the capacitor?
• What is the change in potential across the capacitor?
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A cylindrical wire has a diameter 𝑑 and length 𝐿 and is made of a metal with 
a conductivity 𝜎 at temperature 𝑇.
• What is the resistance of the wire? 
• What is the resistance of the wire at temperature 𝑇 if the temperature 

coefficient of resistivity is 𝛼?

A cylindrical wire has a diameter 𝑑 and length 𝐿 and is made of a metal with 
a conductivity 𝜎 at temperature 𝑇.
• What is the resistance of the wire? 
• What is the resistance of the wire at temperature 𝑇 if the temperature 

coefficient of resistivity is 𝛼?
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A cylindrical wire has a diameter 𝑑 and length 𝐿 and is made of a metal with 
a conductivity 𝜎 at temperature 𝑇.
• What is the resistance of the wire? 
• What is the resistance of the wire at temperature 𝑇 if the temperature 

coefficient of resistivity is 𝛼?
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𝑅 = 𝜌
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= 𝜌 1 + 𝛼 𝑇 − 𝑇

𝐿

𝐴
= 𝑅 1 + 𝛼 𝑇 − 𝑇 =
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A wire of radius 𝑟 and length 𝐿 is connected across a potential difference 
Δ𝑉.  The wire is made of a material with free electron density 𝑛.
• What is the current in the wire?
• What is the drift velocity of the free electrons in the wire?

A wire of radius 𝑟 and length 𝐿 is connected across a potential difference 
Δ𝑉.  The wire is made of a material with free electron density 𝑛 and 
resistivity 𝜌.
• What is the current in the wire?
• What is the drift velocity of the free electrons in the wire?
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A wire of radius 𝑟 and length 𝐿 is connected across a potential difference 
Δ𝑉.  The wire is made of a material with free electron density 𝑛 and 
resistivity 𝜌.
• What is the current in the wire?
• What is the drift velocity of the free electrons in the wire?

𝐼 = 𝐽𝐴 = 𝜎𝐸𝐴 =
ଵ

ఘ




𝐴 =

గమ

ఘ
OR 𝐼 =



ோ
=

గమ

ఘ

𝑣ௗ =
𝐽

𝑛𝑒
=

𝜎𝐸

𝑛𝑒
=

𝐸

𝜌𝑛𝑒
=

Δ𝑉

𝑝𝑛𝑒𝐿

Consider the given circuit.
• What is the equivalent resistance for the circuit?
• What is the current through 𝑅ଷ?
• What is the power dissipated by 𝑅ଶ?

𝑅ଵ = 3Ω 𝑅ଶ = 1Ω

𝑅ଷ = 12Ω

𝑅ସ = 3Ωℰ= 60V

Consider the given circuit.
• What is the equivalent resistance for the circuit?
• What is the current through 𝑅ଷ?
• What is the power dissipated by 𝑅ଶ?

𝑅ଵ = 3Ω 𝑅ଶ = 1Ω

𝑅ଷ = 12Ω

𝑅ସ = 9Ωℰ= 60V

𝑅ଵଶ = 𝑅ଵ + 𝑅ଶ = 4Ω

𝑅ଵଶଷ =
1

𝑅ଵଶ
+

1

𝑅ଷ

ିଵ

=
1

4Ω
+

1

12Ω

ିଵ

= 3Ω

𝑅் = 𝑅ଵଶଷ + 𝑅ସ = 3Ω + 9Ω = 12Ω
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Consider the given circuit.
• What is the equivalent resistance for the circuit?
• What is the current through 𝑅ଷ?
• What is the power dissipated by 𝑅ଶ?

𝑅ଵ = 3Ω 𝑅ଶ = 1Ω

𝑅ଷ = 12Ω

𝑅ସ = 9Ωℰ= 60V

𝐼் =
ℰ

𝑅்
=

60V

12Ω
= 5A

𝑉ସ = 𝐼ସ𝑅ସ = 5A 9Ω = 45V

𝐼ଷ =
𝑉ଷ

𝑅ଷ
=

𝑉 − 𝑉ଷ

𝑅ଷ
=

60V − 45V

12Ω
= 1.25A

Consider the given circuit.
• What is the equivalent resistance for the circuit?
• What is the current through 𝑅ଷ?
• What is the power dissipated by 𝑅ଶ?

𝑅ଵ = 3Ω 𝑅ଶ = 1Ω

𝑅ଷ = 12Ω

𝑅ସ = 9Ωℰ= 60V

𝐼் =
ℰ

𝑅்
=

60V

12Ω
= 5A

𝑉ସ = 𝐼ସ𝑅ସ = 5A 9Ω = 45V

𝐼ଷ =
𝑉ଷ

𝑅ଷ
=

𝑉 − 𝑉ଷ

𝑅ଷ
=

60V − 45V

12Ω
= 1.25A

𝑃ଶ = 𝐼ଶ
ଶ𝑅ଶ = 𝐼் − 𝐼ଷ

ଶ𝑅ଶ = 5A − 1.25A ଶ 1Ω = 14W

A 12V battery with an internal resistance 𝑟 = 0.5Ω is connected to a resistor 
with resistance 𝑅 = 5.5Ω.
• What is the current in the circuit?
• What is the terminal voltage across the battery?
• What is the rate at which chemical energy is converted to electrical 

energy in the battery?

𝑅 = 5.5Ω

𝑟 = 0.5Ω

ℰ = 12V
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A 12V battery with an internal resistance 𝑟 = 0.5Ω is connected to a resistor 
with resistance 𝑅 = 5.5Ω.
• What is the current in the circuit?
• What is the terminal voltage across the battery?
• What is the rate at which chemical energy is converted to electrical 

energy in the battery?

𝑅 = 5.5Ω

𝑟 = 0.5Ω

ℰ = 12V

𝐼 =
ℰ

𝑅 + 𝑟
=

12V

5.5Ω + 0.5Ω
=

12V

6Ω
= 2A

A 12V battery with an internal resistance 𝑟 = 0.5Ω is connected to a resistor 
with resistance 𝑅 = 5.5Ω.
• What is the current in the circuit?
• What is the terminal voltage across the battery?
• What is the rate at which chemical energy is converted to electrical 

energy in the battery?

𝑅 = 5.5Ω

𝑟 = 0.5Ω

ℰ = 12V

𝐼 =
ℰ

𝑅 + 𝑟
=

12V

5.5Ω + 0.5Ω
=

12V

6Ω
= 2A

𝑉௧ = ℰ − 𝐼𝑟 = 12V − 2A 0.5Ω = 11V

A 12V battery with an internal resistance 𝑟 = 0.5Ω is connected to a resistor 
with resistance 𝑅 = 5.5Ω.
• What is the current in the circuit?
• What is the terminal voltage across the battery?
• What is the rate at which chemical energy is converted to electrical 

energy in the battery?

𝑅 = 5.5Ω

𝑟 = 0.5Ω

ℰ = 12V

𝐼 =
ℰ

𝑅 + 𝑟
=

12V

5.5Ω + 0.5Ω
=

12V

6Ω
= 2A

𝑉௧ = ℰ − 𝐼𝑟 = 12V − 2A 0.5Ω = 11V

𝑃ℰ = 𝐼ℰ = 2A 12V = 24W
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A
𝑅

ℰ

V

A pair of galvanometers are used to make a voltmeter and an ammeter.  
They have an internal resistance 𝑟 and experience full deflection with a 
current 𝐼 .
• What resistance should be used for the series resistor in the voltmeter to 

get full deflection for a voltage 𝑉max?
• What resistance should be used for the shunt resistor in the ammeter to 

get full deflection for a current 𝐼max?

A
𝑅

ℰ

V

A pair of galvanometers are used to make a voltmeter and an ammeter.  
They have an internal resistance 𝑟 and experience full deflection with a 
current 𝐼 .
• What resistance should be used for the series resistor in the voltmeter to 

get full deflection for a voltage 𝑉max?
• What resistance should be used for the shunt resistor in the ammeter to 

get full deflection for a current 𝐼max?

G
𝑟ௌ௦ 𝑟

𝑉max = 𝐼 𝑟ௌ௦ + 𝑟

𝑟ௌ௦ =
𝑉max

𝐼
− 𝑟

A
𝑅

ℰ

V

A pair of galvanometers are used to make a voltmeter and an ammeter.  
They have an internal resistance 𝑟 and experience full deflection with a 
current 𝐼 .
• What resistance should be used for the series resistor in the voltmeter to 

get full deflection for a voltage 𝑉max?
• What resistance should be used for the shunt resistor in the ammeter to 

get full deflection for a current 𝐼max?

G
𝑟

𝑟ௌ௨௧

𝐼 𝑟 = (𝐼max − 𝐼 )𝑟ௌ௨௧

𝐼

𝐼max − 𝐼
𝑟 = 𝑟ௌ௨௧
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A capacitor with capacitance 𝐶 is connected in series with a resistor with 
resistance 𝑅 and a battery with emf ℰ.
• What is the charge on the capacitor at time t?
• When is the charge on the capacitor 60% of its final charge?
• What is the current through the resistor at time t?
• What is the voltage across the resistor when the voltage across the 

capacitor is 𝑉?

A capacitor with capacitance 𝐶 is connected in series with a resistor with 
resistance 𝑅 and a battery with emf ℰ.
• What is the charge on the capacitor at time t?
• When is the charge on the capacitor 60% of its final charge?
• What is the current through the resistor at time t?
• What is the voltage across the resistor when the voltage across the 

capacitor is 𝑉?

𝑄 = 𝑄 1 − 𝑒ି௧/ோ

𝑄 = 𝐶ℰ 1 − 𝑒ି௧/ோ

A capacitor with capacitance 𝐶 is connected in series with a resistor with 
resistance 𝑅 and a battery with emf ℰ.
• What is the charge on the capacitor at time t?
• When is the charge on the capacitor 60% of its final charge?
• What is the current through the resistor at time t?
• What is the voltage across the resistor when the voltage across the 

capacitor is 𝑉?

0.6𝑄 = 𝑄 1 − 𝑒ି௧/ோ

𝑒ି௧/ோ = 0.4

𝑡 = −𝑅𝐶 ln 0.4
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A capacitor with capacitance 𝐶 is connected in series with a resistor with 
resistance 𝑅 and a battery with emf ℰ.
• What is the charge on the capacitor at time t?
• When is the charge on the capacitor 60% of its final charge?
• What is the current through the resistor at time t?
• What is the voltage across the resistor when the voltage across the 

capacitor is 𝑉?

𝐼 =
𝑑𝑄

𝑑𝑡
=

𝑑

𝑑𝑡
ℰ𝐶 1 − 𝑒ି௧/ோ

𝐼 =
ℰ

𝑅
𝑒ି௧/ோ

A capacitor with capacitance 𝐶 is connected in series with a resistor with 
resistance 𝑅 and a battery with emf ℰ.
• What is the charge on the capacitor at time t?
• When is the charge on the capacitor 60% of its final charge?
• What is the current through the resistor at time t?
• What is the voltage across the resistor when the voltage across the 

capacitor is 𝑉?

0 = ℰ − 𝑉 − 𝑉ோ

𝑉ோ = ℰ − 𝑉

A particle with mass 𝑚, charge 𝑞 and velocity 𝑣𝚤̂ enters a region with 
uniform magnetic field 𝐵𝚥.̂
• What is the radius of the particle’s trajectory?
• What is the rotational direction of the particle?
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A particle with mass 𝑚, charge 𝑞 and velocity 𝑣𝚤̂ enters a region with 
uniform magnetic field 𝐵𝚥.̂
• What is the radius of the particle’s trajectory?
• What is the rotational direction of the particle?

𝑚𝑣ଶ

𝑟
= 𝑞�⃗� × 𝐵

𝑚𝑣ଶ

𝑟
= 𝑞𝑣𝐵

𝑚𝑣

𝑞𝐵
= 𝑟

𝑥

𝑦 𝑧

A uniform magnetic field 𝐵 = 𝐵௫�̂� + 𝐵௬𝚥̂ exists in a region.  Consider the flux 
through a rectangle of sides 𝑎 and 𝑏.
• The rectangle is in the 𝑥𝑦-plane.
• The rectangle is in the 𝑦𝑧-plane. 

𝑥

𝑦 𝑧

A uniform magnetic field 𝐵𝑘 exists in a region with the given current 
arrangement.
• What is the force on the straight sections of wire?
• What is the force on the arced sections of wire?

𝐼

𝑎 𝑎

𝐵

𝑥

𝑦

𝑧
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A uniform magnetic field 𝐵𝑘 exists in a region with the
given current arrangement.
• What is the force on the straight sections of wire?
• What is the force on the arced sections of wire?

𝐼

𝑎 𝑎

𝐵

𝑥

𝑦

𝑧

Bottom: �⃗�௧௧ = 𝐼𝑎𝚤̂ × 𝐵𝑘

�⃗�௧௧ = −𝐼𝑎𝐵𝚥̂

Left: �⃗�௧ = 𝐼𝑎 −𝚥̂ × 𝐵𝑘

�⃗�௧ = −𝐼𝑎𝐵𝚤̂

�⃗� = 𝐼𝐿 × 𝐵

A uniform magnetic field 𝐵𝑘 exists in a region with the
given current arrangement.
• What is the force on the straight sections of wire?
• What is the force on the arced sections of wire?

𝐼

𝑎 𝑎

𝐵

𝑥

𝑦

𝑧

Upper Arc: �⃗�௨ = ∫ 𝐼2𝑎𝑑𝜙(− sin 𝜙 𝚤̂ + cos 𝜙 𝚥̂) × 𝐵𝑘
గ/ଶ



�⃗�௨ = 2𝐼𝑎𝐵 න 𝑑𝜙(sin 𝜙 𝚥̂ + cos 𝜙 𝚤̂)
గ/ଶ



�⃗�௨ = 2𝐼𝑎𝐵 − cos 𝜙 𝚥̂ + sin 𝜙 𝚤̂ 
గ/ଶ

�⃗�௨ = 2𝐼𝑎𝐵(𝚤̂ + 𝚥̂)

�⃗� = 𝐼𝐿 × 𝐵

�⃗� = න 𝐼𝑑𝑠 × 𝐵

A uniform magnetic field 𝐵𝑘 exists in a region with the
given current arrangement.
• What is the force on the straight sections of wire?
• What is the force on the arced sections of wire?

𝐼

𝑎 𝑎

𝐵

𝑥

𝑦

𝑧

Lower Arc: �⃗� = ∫ 𝐼𝑎𝑑𝜙(sin 𝜙 𝚤̂ − cos 𝜙 𝚥̂) × 𝐵𝑘
గ/ଶ



�⃗� = 𝐼𝑎𝐵 න 𝑑𝜙(− sin 𝜙 𝚥̂ − cos 𝜙 𝚤̂)
గ/ଶ



�⃗� = 𝐼𝑎𝐵 cos 𝜙 𝚥̂ − sin 𝜙 𝚤̂ 
గ/ଶ

�⃗� = −𝐼𝑎𝐵(𝚤̂ + 𝚥̂)

�⃗� = 𝐼𝐿 × 𝐵

�⃗� = න 𝐼𝑑𝑠 × 𝐵
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A uniform magnetic field 𝐵𝑘 exists in a region with the
given current arrangement.
• What is the force on the straight sections of wire?
• What is the force on the arced sections of wire?

𝐼

𝑎 𝑎

𝐵

𝑥

𝑦

𝑧

�⃗�௧௧ = −𝐼𝑎𝐵𝚥̂

�⃗�௧ = −𝐼𝑎𝐵𝚤̂

�⃗�௨ = 2𝐼𝑎𝐵(𝚤̂ + 𝚥̂)

�⃗� = −𝐼𝑎𝐵(𝚤̂ + 𝚥̂)

�⃗� = 𝐼𝐿 × 𝐵

�⃗� = න 𝐼𝑑𝑠 × 𝐵

�⃗�்௧ = 0  

A coil of wire with 𝑁 turns and a radius 𝑅 lies in the 𝑥𝑦-plane and carries a 
current 𝐼.  There is a uniform magnetic field 𝐵 = 𝐵௫�̂� + 𝐵௭𝑘.
• What is the energy of the dipole?
• What is the torque on the dipole?

A coil of wire with 𝑁 turns and a radius 𝑅 lies in the 𝑥𝑦-plane and carries a 
current 𝐼 such that 𝐴 is in the positive 𝑧-direction.  There is a uniform 
magnetic field 𝐵 = 𝐵௫𝚤̂ + 𝐵௭𝑘.
• What is the energy of the dipole?
• What is the torque on the dipole?

𝑈 = −𝜇 ⋅ 𝐵

𝑈 = −𝑁𝐼𝐴 ⋅ 𝐵

𝑈 = −𝑁𝐼𝜋𝑅ଶ𝐵௭

𝜏 = 𝜇 × 𝐵

𝜏 = 𝑁𝐼𝐴𝑘 × 𝐵௫𝚤̂ + 𝐵௭𝑘

𝜏 = 𝑁𝐼𝐴𝐵௫𝚥̂
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