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𝑒 =  1.602 × 10−19 C  𝑘 =  8.99 × 109  
N⋅m2

C2  𝑐 =  3.00 × 108 m

s
  𝜀0 = 8.85 × 10−12 C2

N⋅m2 

ℎ = 6.626 × 10−34 J ⋅ s  ℎ𝑐 ≈ 1240 eV · nm 𝜇0 = 4𝜋 × 10−7  
T∙m

A
 1 eV =  1.602 × 10−19 J 

𝑚𝑝 = 1.673 × 10−27 kg  𝑚𝑒 = 9.11 × 10−31 kg 

𝐹⃑ = 𝑞𝐸⃑⃑    𝑘 =
1

4𝜋𝜀0
   ∆𝑥 = 𝑣𝑖𝑥𝑡 +

1

2
𝑎𝑥𝑡2 𝑣𝑓𝑥

2 = 𝑣𝑖𝑥
2 + 2𝑎𝑥∆𝑥 

𝐹⃑1𝑜𝑛2 =
𝑘𝑞1𝑞2

𝑟12
2 𝑟̂1𝑡𝑜2  𝐸⃑⃑ =

𝑘𝑞

𝑟2 𝑟̂   𝑉 =
𝑘𝑞

𝑟
   𝑈12 =

𝑘𝑞1𝑞2

𝑟12
 

∮ 𝐸⃑⃑ ∙ 𝑑𝐴 =
𝑞𝑒𝑛𝑐

𝜀0
   𝑞𝑒𝑛𝑐 = ∫ 𝜌𝑑𝑉  𝐸∥ 𝑝𝑙𝑎𝑡𝑒𝑠 =
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𝐸𝑟𝑖𝑛𝑔 =
𝑘𝑄𝑧

(𝑅2+𝑧2)3/2   𝑉𝑟𝑖𝑛𝑔 =
𝑘𝑄

(𝑅2+𝑧2)1/2  𝐸𝑥 = −
𝑑𝑉

𝑑𝑥
   𝑉𝑏 − 𝑉𝑎 = − ∫ 𝐸⃑⃑ ∙ 𝑑𝑠

𝑏

𝑎
 

∆𝑈 = 𝑞∆𝑉   𝑈𝐶 =
1

2
𝑄𝐶∆𝑉𝐶  𝑄𝐶 = ∆𝑉𝐶𝐶  𝐼𝐶 = −𝐶

𝑑𝑉𝐶

𝑑𝑡
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𝐶𝑒𝑞
=

1

𝐶1
+

1

𝐶2
+ ⋯  𝐶𝑒𝑞 = 𝐶1 + 𝐶2 + ⋯ 𝐶𝑝𝑙𝑎𝑡𝑒𝑠 =

𝜀0𝐴

𝑑
  𝐶′ = 𝜅𝐶 

𝑅𝑒𝑞 = 𝑅1 + 𝑅2 + ⋯  
1

𝑅𝑒𝑞
=

1

𝑅1
+

1

𝑅2
+ ⋯ 𝑅 =

𝜌𝐿

𝐴
   𝜌 = 𝜌0(1 + 𝛼∆𝑇) 

∆𝑉𝑅 = 𝐼𝑅𝑅   𝒫𝑅 = 𝐼𝑅∆𝑉𝑅   𝑋(𝑡) = 𝑋𝑓 + (𝑋𝑖 − 𝑋𝑓)𝑒−𝑡/𝜏   where 𝜏 = 𝑅𝐶  or  
𝐿

𝑅
 

𝐹⃑ = 𝑞𝑣⃑ × 𝐵⃑⃑𝑒𝑥𝑡   𝐹⃑ = 𝐼 ∫ 𝑑𝑠 × 𝐵⃑⃑𝑒𝑥𝑡  𝜏 = 𝜇 × 𝐵⃑⃑𝑒𝑥𝑡   𝜇 = 𝑁𝐼𝐴 

𝑈 = −𝜇 ∙ 𝐵⃑⃑𝑒𝑥𝑡   𝐵𝑠𝑜𝑙 =
𝜇0𝑁𝐼

𝐿
  𝐵𝑟𝑖𝑛𝑔 =
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2(𝑟2+𝑧2)3/2 𝐵𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡 =
𝜇0𝐼

2𝜋𝑎
 

∮ 𝐵⃑⃑ ∙ 𝑑𝑠 = 𝜇0𝐼𝑒𝑛𝑐    𝐼𝑒𝑛𝑐 = ∫ 𝐽 ∙ 𝑑𝐴  𝐵⃑⃑ =
𝜇0𝐼

4𝜋
∫

𝑑𝑠×𝑟̂

𝑟2   Φ𝐵 = ∫ 𝐵⃑⃑ ∙ 𝑑𝐴 

𝐸𝑀𝐹 = −𝑁
𝑑

𝑑𝑡
Φ𝐵   𝐸𝑀𝐹 = 𝐵⊥𝐿𝑣  𝐿 =

Φ𝐵

𝐼
   𝑈𝐿 =

1

2
𝐿𝐼2 

∆𝑉2

∆𝑉1
=

𝑁2

𝑁1
    Δ𝑉𝐿 = −𝐿

𝑑𝐼𝐿

𝑑𝑡
   𝑍 = √𝑅2 + (𝑋𝐿 − 𝑋𝐶)2 tan 𝜙 =

𝑋𝐿−𝑋𝐶

𝑅
 

𝑋𝐿 = 𝜔𝐿   𝑋𝐶 =
1

𝜔𝐶
   𝑉𝑠𝑜𝑢𝑟𝑐𝑒 = 𝑉0 sin 𝜔𝑡 𝑖 = 𝑖𝑚𝑎𝑥 sin(𝜔𝑡 − 𝜙)  

Δ𝑉𝑅𝑚𝑎𝑥 = 𝑖𝑚𝑎𝑥𝑅    Δ𝑉𝐿𝑚𝑎𝑥 = 𝑖𝑚𝑎𝑥𝑋𝐿  Δ𝑉𝐶𝑚𝑎𝑥 = 𝑖𝑚𝑎𝑥𝑋𝐶 𝑉𝑠𝑜𝑢𝑟𝑐𝑒 𝑚𝑎𝑥 = 𝑖𝑚𝑎𝑥𝑍 

Δ𝑉𝑚𝑎𝑥 =
Δ𝑉𝑝𝑘−𝑝𝑘

2
   Δ𝑉𝑟𝑚𝑠 =

Δ𝑉𝑚𝑎𝑥

√2
  𝜔0 =

1

√𝐿𝐶
 

𝒫𝑎𝑣𝑔 = 𝐼𝑟𝑚𝑠Δ𝑉𝑟𝑚𝑠 cos 𝜙 = 𝐼𝑟𝑚𝑠
2 𝑅  

𝑐 = 𝑓𝜆     𝑘 =
2𝜋

𝜆
   𝜔 = 2𝜋𝑓 =

2𝜋

𝕋
 

𝑆 =
𝐸⃑⃑×𝐵⃑⃑

𝜇0
    𝐼𝑎𝑣𝑔 = 𝑆𝑎𝑣𝑔 =

𝐸𝑚𝑎𝑥𝐵𝑚𝑎𝑥
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2
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𝐸𝑚𝑎𝑥

𝐵𝑚𝑎𝑥
= 𝑐   𝐸𝛾 = ℎ𝑓 =

ℎ𝑐

𝜆
  

𝑅𝑎𝑑. 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =
𝐹𝑜𝑟𝑐𝑒

𝐴𝑟𝑒𝑎
=

𝑆𝑎𝑣𝑔

𝑐
 𝑃ℎ𝑜𝑡𝑜𝑛 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 = 𝑝𝛾 =

𝐸𝛾

𝑐
 

∫
𝑥 𝑑𝑥

(𝑥2 + 𝑎2)3/2
=

−1

√𝑥2 + 𝑎2
 ∫

𝑑𝑥

√𝑥2 ± 𝑎2
= ln |𝑥 + √𝑥2 ± 𝑎2| 

∫
𝑑𝑥

(𝑥2 + 𝑎2)3/2
=

𝑥

𝑎2√𝑥2 + 𝑎2
=

1

𝑎2
sin 𝜃 ∫

𝑥 𝑑𝑥

√𝑥2 ± 𝑎2
= √𝑥2 ± 𝑎2 

∫
𝑑𝑥

𝑥2 + 𝑎2
=

1

𝑎
tan−1

𝑥

𝑎
 ∫ √𝑥2 ± 𝑎2 𝑑𝑥 =

1

2
𝑥√𝑥2 ± 𝑎2 ±

𝑎2

2
ln |𝑥 + √𝑥2 ± 𝑎2| 

∫
𝑥 𝑑𝑥

𝑥2 + 𝑎2
=

1

2
ln|𝑥2 + 𝑎2| 

Binomial expansion: 

(1 ± 𝛿)𝑛 ≈ 1 ± 𝑛𝛿 + ⋯ 

T = 1012 G = 109 M = 106 k = 103 c = 10−2 m = 10−3 μ = 10−6 n = 10−9 p = 10−12 f = 10−15 a = 10−18 

 

       

Material 

Resistivity at 
20° C 

(in SI units) 

Temp. 

Coefficient 

(in SI units) 

Silver 1.62 × 10-8 4.1 × 10-3 

Copper 1.69 × 10-8 4.3 × 10-3 

Aluminum 2.75 × 10-8 4.4 × 10-3 

Nichrome 1.00 × 10-6 0.4 × 10-3 

Carbon 3.5 × 10-5 -0.5 × 10-3 

Germanium 0.46 -48 × 10-3 



WRITE YOUR NAME AT THE TOP OF THIS PAGE! 

 

A circuit contains an ideal AC source 

operating with variable frequency 𝜔.   

The circuit uses two identical resistors 

with resistance 2𝑅 and an inductor with 

inductance 𝐿.  The resistors are labeled 𝑅1 

and 𝑅2 for ease of communication. 

 

**1) Sketch a plausible curve representing 

total impedance as a function of 𝜔 using 

the plot at right. 

 

 

 

 

 

 

 

 

 

 

Two wires carry currents 𝐼1 = 𝐼 & 𝐼2 = 2𝐼 in the directions shown in the upper figure at left.   

To be clear, you may assume the wires run into and out of the page infinitely far in both directions. 

The wires are equidistant from the origin. 

 

2) Which of the numbered arrows (shown in the lower figure at left) best represents the direction of 

the total magnetic field at the origin? 

 

 

 

 

 

 

 

 

 

 

A magnetic bullet moves away from an aluminum loop of wire with constant velocity −𝑣𝑘̂. 

In the figure at right, the south pole of the bullet is just behind the plane of the loop moving into the 

page.  The loop of wire contains has no battery or power source. 

 

3) As the bullet moves away from the loop of wire, would we expect any current or no?  If current 

does flow, which direction is current flow?  Circle the best answer. 

No current Current flows CW Current flows CCW 
Impossible to determine 

without more information 

 

𝑅1 

𝑅2 

𝜔 

𝑍 

𝑅 

2𝑅 

𝐼1 

𝐼2 

𝐒 𝑥 

𝑦 



An aluminum wire 5.00 m long is used to make a 75.0 turn circular coil.  The wire’s cross-sectional 

diameter is 0.125 mm.  The circular coil is centered on the origin as shown in the figure.  A uniform 

external field with magnitude 333 mT is directed out of the page as shown.  Starting from rest at 

time 𝑡 = 0, the loop rotates with constant angular acceleration 22.2
rad

s2  about the 𝑦-axis. 

 

4a) Determine the radius of the circular coil shown in the figure. 

****4b) Determine an induced emf in the loop at 𝑡 = 4.44 s. 

For partial credit, derive an algebraic expression. 

  

4a  

4b  

𝑥 

𝑦 



A circuit is built using capacitance 𝐶 = 250.0 nF as shown in the schematic shown at right.  The 

capacitor is allowed to charge in position A for a long time.  At time 𝑡 = 0, the switch is thrown to 

position B.  A plot of capacitor charge as a function of time is shown near the bottom of the page. 

 

5a) Determine the battery voltage ℰ used to initially charge the capacitor. 

5b) At what time does current through the inductor first reach a maximum? 

**5c) Determine the inductance 𝐿. 

**5d) Use the empty plot below to sketch potential energy in the capacitor versus time. 

 

  
5a  
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A cylindrical shell carries non-uniform current density 𝐽 = 𝑘𝑟3 where 𝑘 is an unknown positive 

constant.  A cross section of the shell is shown at right (figure not to scale).  The shell has outer 

radius 𝑅 and inner radius 𝑅/2.  Total current in the shell is 𝐼.  The three obvious regions are 

labeled with numbers in the figure to ease communication.  𝐏 is located beneath the shell as 

shown in the figure. 

6a) Determine the units appropriate for the constant 𝑘. 

6b) Determine 𝑘.  Express your result as a decimal number with 3 sig figs times an algebraic 

expression using only known quantities. 

6c) Which direction does current flow if the magnetic field direction at 𝐏 points to the left? 

6d) Determine magnetic field magnitude for an arbitrary radius 𝑟 in region 𝟏. 

6e) Determine magnetic field magnitude for an arbitrary radius 𝑟 in region 𝟐. 

6f) Determine magnetic field magnitude for an arbitrary radius 𝑟 in region 𝟑. 

  6a  

6b  

6c  

6d  

6e  

6f  

𝐏 

𝟏 

𝟐 

𝟑 

𝑥 

𝑦 



Two wires are bent into the shapes shown in the figure (not to scale).  Current in wire 2 is twice as 

large as current in wire 1.  To be clear, you may assume the all straight line segments extend to 

infinity.  Notice point 𝐏 lies at the center of the circular segments of each wire.  The arrangement is 

designed to ensure the net magnetic field at 𝐏 is zero.   

 

****7) Determine the ratio of the larger radius to the smaller radius.  Express your answer as a 

number with three sig figs.  If such a scenario is impossible, do not use the answer box.  Instead, 

explain why the scenario is impossible and support your conclusion with calculations. 

 

 

  

7  

𝑷 
𝟏 

𝟐 



A circuit is built as shown in the schematic at right.  Both inductors have inductance 𝐿 and the 

battery is ideal with potential difference ℰ.  At time 𝑡 = 0 the switch is closed and the circuit is 

allowed to reach steady state.  The resistors are numbered for ease of communication.  All 

resistors have resistance 𝑅. 

 

**8a) Determine the current through resistor 𝑅3 just after the switch is closed. 

**8b) Determine the power delivered by the battery after the circuit reaches steady state. 

  

8a  

8b  

𝑅2 
ℰ 

𝐿 

𝑅1 

𝑅3 

𝐿 



A series 𝐿𝑅𝐶 circuit employs a function generator operating at 1.880 kHz with voltage 

amplitude 7.77 V.  The circuit uses 66.6 Ω of resistance and 555 nF of capacitance.  The 

average power delivered to the resistor at this operating frequency is 444 mW. 

 

**9a) Determine current amplitude at this operating frequency. 

****9b) Determine the inductance used in this circuit. 

 

 

 

 

 

9a  

9b  



**EXTRA CREDIT:  

Reconsider the problem which had a loop rotating in an external magnetic field with constant 

angular acceleration.  In particular, consider the phase angle between current and the induced EMF 

for this scenario.   

1. Should the phase angle be positive, negative, or zero?  Explain why. 

2. Will the phase angle change over time or not?  If it doesn’t change, explain why not.  If it 

does change, state if it becomes more positive or more negative AND explain why? 

  

𝑥 

𝑦 
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