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Tear off this page and turn it in at the end of class!!!! 

Note: 
Writing in the name of a student who is not present is a COD offense. 

Problem Solving 5: RC Circuits 

Group -"\1..:-1:>"--___________ _ (e.g. 6A Please Fill Out) 

Question 1: What is the current Ie (th rough the capacitor) at 1'=0' Gust after switch is closed)? 

Ie := E - ~ \ '/¥. 
[ "J t L"Jr l.0-1 

Question 2: What are the currents I, and 12 (through R, and R2 respectively) at I'=O-? 

r\~rc..= E.-JL f. 12 =: 0 \~~~~-\-u.'/I\rsJ --:; a<,.--t (J..'IV'-f::. 

- ] -[;-1 ~, ...; \ttOVJ (M ~o Q :::> 
r~ "J \ \-1:L"lfl- • 

Question 3: What is the current Ie (through the capacitor) at r=oo? --0D('I" VO 0 

"Ic..=O V 

Question 4: What arc the currents I, and 12 (through R, and R2 respectively) at r=oo? j, t t"" =, CoL "' '''''''''- ~l-;<.~-.. 

4<:' #-~~ -../J. :':!... -CL ~ 
.~ ",-rL --, I, "''Tc.oO I~h~-~,-121.. 

'<, (J" ~ \ 
~~ e ~~ . 
Question 5: Using Kirchhoffs Loop Rules. obtain a differential equation for the charge q on the capacitor, 'll.0.".l 'r >M') 
assuming R,~R2~R (in other words, the only current in the equation should be the current through the J or:. ~~ 
capacitor, which can be rewritten in tenns of dqldt). :J:,:, ~ :!::, - I 1. ..; ~ _ Zit "'- oI.l:i\ f, ~ ~ 

II. E - TdL~ , ~2.l2. ~ ~ G eli xl\\~-'<; .~ 

- '2. ~ \...-1.\1, E. - RL1:., "Ti) =:..2:Q. 
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Question 6: What is the time constant for charging the capacitor? 

Question 7: Wri te an equation for the time dependence of the charge on the capacitor 

d[;b)" ~c. (I _ 'C,.-l/pr.h. ) / 

Question 8: What is the current Ie (through the capacitor) at t=T (just after switch is opened)? l.BAT11.'l! ', Off') 

~ c;;r :E? 
{; I e = -z - {21. 

ltv~Glf- ($ Q? if r VlO) ,(:;t),o"J(v 

Question 9: What are the currents I, and I, (through R, and R, respectively) at t=T? 

Question 10: Using Kirchhoffs Loop Rules, obtain a differential equation for the charge q on the capacitor 
after the switch has been opened, assuming R1=R2=R (in other words. the only current in the equation 
should be the current through the capacitor, which can be rewritten in terms of dq/dt). 

Question II: What is the time constant for discharging the capacitor? 

Question 12: Write an equation for the time dependence of the charge on the capacitor after time T. 
~t\",09 -i.1 

QC.{~ ll-e. L ~'--) 
CC-\ 

. 1I-L~ -l,-i 
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SlInmlary of Class 17 3.02 

Topics: Magnetic Fields: Feeli ng Magnetic Fields - Charges and Dipoles 
Related Reading: Course NOles: Chapler 8.1-8.3, 8.5-8.6, 8.8-8.9, 9.5 
Experiments: (5) Magnelic Fields 

Topic Introduction 
\ I 

J-IQIt' vvQ r;f -Cl.;vftr ·h1ft \ 
~ ;lt- W~;.. (-Ct.s) (rJS c( IM( /J) -; "l- ~ e tf:::J 

Today we begin a major new topic in the course - magnetism. In some ways magnetic fields 
are very similar to electric fields: they are generated by and exert forces on electric charged 
p~ There are a number of differences though. First of all, magnetic fie lds only 
interact with (are created by and exert forces on) charged particles that are moving. 
Secondly, the simplest magnetic objects are not monopples (like a point charged object) but 
are instead di oles. 

This week we begin by defining the magnetic fi eld and studying the forces on moving 
charged objects in magnetic fie lds. In order to gain experience with magnetic fields we study 
the fields created by bar magnets and currents in a lab. 

Lorenz Force 
The magnetic fi eld is defined by measuring the force exened on a 
m.oving cha~ob~hiS force is called the Lorenz Force and 
is given by - = qv x here q is the charge of the particle, v its 

velocity and B the magnetic field). We then study the motion of 
moving charged objects in a magnetic field . The fact that the force 
depends on a cross product of the particle velocity and the field 
can make forces from magnetic fi elds very non-intuitive. 

The direction of the force F = qv x B can be determined by the 

F 

y 

right hand rule pictured at right (thumb in direction of v, fingers in direction of B, palm 
shows direction of force) . It is perpendicular to both the ve locity of the charged particle and 
the magnetic field , and thus charged particles will follow curved trajectories while moving in 
a magnetic fie ld, and can even move in circles (in a plane perpendicular to the magnetic 
field). The ability to make charged particles curve by.-appl:y.ing a magnetic field is used in a 
wide variety of scientific instruments, from mass spectrometers to particle accelerators, and 
we will discuss some of these applications in class including studying the motion of the a 

moving charged particle in both an electric and magnetic field , F = q(E + v x B) . 

Dipole Fields 
We will note that the magnetic fields you are most familiar with, those generated by bar 
magnets and by the Earth, act like magnetic di oles. Magnetic dipoles create magnetic fi elds 
identical in shape to the electric fields generated by electric dipoles. We even describe them 
in the same way, saying that they consist ofa North pole (+) and a South pole (-) some 
distance apart, and that magnetic fiel d lines now from the North pole to the South pole. 
Despite these similarities, magnetic dipoles are different from electric dipoles, in that if you 
cut an electric dipole in half you will find a positive charge and a negative charge, while if 
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Summary of Class 17 8.02 

you cut a magnetic dipole in half you will be le ft with two new magnetic dipQles. There;s no 
such thing as an isolated "North magnetic charge" (a n1agnetic monopole). 

Magnetic fields are also created by electric currents, i.e. by moving chargciparticles that 
form the current. We will study how moving charged particles create magnetic fields in detail 
in the next class. Today we gain some experience by measuring the fields created by bar 
magnets and current in Experiment 5. 

Experiment 5: Magnetic Fields of a Bar Magnet and Current Loops 
Preparation: Read pre-lab 

In this lab you will measure the magnetic field generated by a bar magnet and two coils old 
currents, thus getting a feeling for magnetic field lines. Recall that as opposed to electric 
fields generated by charged particles, where the field lines begin and end at those charged 
particles, magnetic fields generated by dipoles have field lines that are closed loops (where 
part of the loop must pass through the dipole). 

Important Equations 
- -

Force on Moving Charges in Magnetic Field: F = qv x B 

Force on Moving Charges in an Electric and Magnetic Field: F=q(E+vxB) 

Summary fo r Class 17 17 p.212 



Class 17: Outline 

Hour 1: 

Magnetic Field 

Magnetic Forces on Charges 

Hour2: 

Experiment 5: Magnetic Fields 

Magnetic Fields 

Magnetic Field of Bar Magnet 
..--B ---S 

,~-e--~~~ 
(~ ' -
~/ 

r....-.-;, ~--iI 
(1) A magnet has two poles, North (N) and South (5) 

(2) Magnetic field lines leave from N, end at S 
"" 
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Magnetic Field of the Earth 

Also a 
magnetic 
dipolel 

North magnetic pole located in southern hemisphere 

Recall: 
Cross Product , 

Notation Demonstration 

0000 
0000 
0000 
0000 

OUT of page 
"Arrow Head" 

Class 15 
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INTO page 
"Arrow Tail" 
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Cross Product: Magnitude 
Computing magnitude of cross product A x B: 

- --C=AxB 

jj 

; B sinO 
, 

;L..J."_",M ___ J A 
A 

I C I: area of parallelogram 
nt. ) 

Cross Product: Direction 

Right Hand Rule #1: 

C=AxB 
For this method, keep your hand flat! 

1) Put Thumb (of right hand) along A 

2) Rotate hand so fingers point along B 

3) Palm will point along C 

m· ' 

Cross Product: Signs 

~ ~ 

ixj = k jxi =-k 
~ ~ ~ ~, , 
jxk = i kxj =-i 

kxI =j 
~, , . k . IX =-j 

Cross Product is Cyclic (left column) 

Reversing A & B changes sign (right column) 

Class 15 
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PRS Questions: 
Right Hand Rule 

PRS: Cross Product 
What is the direction of A x B given the following tw

f 
vectors? 

0% 1. up A IB . 0 
0% 2. down 
0% 3. left 

0'" 4. right 
0% @ into page 

0'" 6. out of page 
0% 7. Cross product is zero (so no direction)" .. " 

PRS: Cross Product 
What is the direction of A x B given the following two 
vectors? -0% 1. up A 

Oy, 2. down 

0% 3. left 
0% 4. right 
Oy, 5. into page 

0% ® out of page 

lB 

0% 7. Cross product is zero (so no direction) 
tl" ll 
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Moving Charges Feel Magnetic Force 
f . 

1"'/ 0 1q~, 
, 

Magnetic force perpendicular both to: 
Velocity v of charge and magnetic field B 

Reminder: B Field Units 

- -
Since FB = qvxB 

BUni!s= newton I _N_=I~ 
(coulombXmeterlsccood) C·m/ s A·m 

This is called 1 Tesla (T) 

1 T = 104 Gauss (G) 

",." \ 

How Big is a Tesla? f 
• Earth's Field 5 x 10.5 T = 0.5 Gauss 

• Brain (at scalp) -1 IT 

• Refrigerator Magnet 

• Inside MRI 

• Good NMR Magnet 

• Biggest in Lab 

• Biggest in Pulsars 

Class 15 
) , 

2 f' 

3T 

18 T 

150 T (pulsed) 

! 
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Gravitational - Electric Fields 
Mass m Charge q (±) 

- G m • - q. Create: g=- -, r E=k-r 
r - e 1'2 

Feel: i? =mg 

Also saw ... 

Creates: 

Feels: 
T=p xE 

0"tvl-/~1 fv< :>- dr 
J I~~\ L ('l~~ ("., Ij-j 6) 

Demonstration: 
TV in Field 

Howa CRT Works: It could ... 

I 

~ '-- C.thocM R.,. Tube 

~""U 
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How a CRT Works: More Typical 

Cathodo Ray Tubu HlllflVoIlag<I 

PRS: Force Direction 
Is this picture (deflection direction) correct? 

--
"U.,' 

{iJ Yes 
0\.1. No 

~- -- i 
3. I don't know 
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What Kind of Motion in 
Uniform B Field? 

x x 

p Problem: Cyclotron 
Motion 

x A charged particle with charg 
q is moving with speed v in 
a uniform magnetic field B 
pointing into the figure. 

Find 
(1) r : radius of the circle 

(2) T : period of the motion 
(3) 0) : cyclotron frequency 

Cycl tron Motion: Solution 
x 

x 

x x 

x (1) r : radius of the circle ,. 
mv2 mv 

qvB=-- => r = -
r qB 

(2) T : period of the motion 

T = 2"r = 2"m 
v qB 

(3) 0) : eycl Iron frequency \@ = 2" f = ~ = ~ I 

Class 15 

Week 07 Day 1 

8pri I 

c.~I\C 1Il~'IIt 1 'Ir< 
----------------~~~--~ / 

8 



Putting it Together: Lorentz Force 

Charges FeeL .. 

- -FE = qE FB = qvxB 
Electric Fields Magnetic Fields 

This is the final word on the force on a charge 

Application: Velocity Selector 

-------

What happens here? 

Velocity Selector 
8 •• 

x x x x x x x 

I 
qv>U 

, .. 
qE 

Particle moves in a straight line when ...---, 

F"" =q(E+v xB)=O => v=E 
B 

' " 

/ 
I 
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PRS Question: 
Hall Effect 

PRS: Hall Effect 
A conducti ~ slab has current to the right. A B field is 
applied out pf the page. Due to magnetic forces on 
the charge parriers, the bottom of the slab is at a 
higher elec r c potential than the top of the slab. 

~ I I .,Wi' 
V > V(Top) 

On the bas s of this experiment, the sign of the 
charge can 'ers carrying the current in the slab is: 

0% 1. ositive 
00/. 2. ~egative 

0% 3. annot be determined 
0% 4. don't know 

Magnetism - Bar Magnet 

Is ~!'s--"'a· 

Li e poles repel, opposite poles attract 

Class 15 

Week 07 Day 1 
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Demonstration: 
Magnetic Field Lines 

from Bar Magnet 

Demonstration: 
Compass (bar magnet) in 

Magnetic Field Lines 
from Bar Magnet 

Magnetic Field of Bar Magnet 

~B---&,"--------
~-/'~--e--
,~ / 

_~ N S ::::-

/C(~)' 
L--~~:-"'} 

(1) A magnet has two poles, North (N) and South (S) 

(2) Magnetic field lines leave from N, end at S 
"'" 

Class 15 
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Magnets Are Dipoles! 
• Create Dipole Field 

• Rotate to orient with Field 

Is there magnetic "mass" 
or magnetic "charge?" 

Is 11 
NOI monopoles do not exist in isolation 

netic Monopoles? 
Magnetic Dipole 

ii /: d?s -J 
When cut: 2 dipoles 

Mag;~~~~~m~~onOPOles do not exist in isolation 
Maxwell's Equation! (2 of 4) 

[jfii.dA=O 
s 

Magnetic Gauss's 

PRS: 
B ield inside a Magnet 

Week 07 Day 1 
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PRS: Magnetic Field Lines [Js 
The picture shows the field lines outside a 
permanent magnet The field lines inside the 
magnet point: _.. \ \ I ! _ 

~" '- \ I k.---
(" (-.~::;\V ::, "\ 

0% 1. Up \ . r ' 
0% 2. Down '- ',-. ., ./ / 

'---- / \ -
0% 3. Left to right ~/ ; 1 \ \ ',-._ 
0% 4 . Right to left,..····,--'-' _.i,,! ... ' .. ',-';'>-__ .. __ ._ .. ... _.J 

O~. 5. The field inside is zero 

0% 6. I don't know 

Fields: Grav., Electric, Magnetic 
Mass m Charge q (±) No 

- G m . - q • Magnetic 
Create: g = - -;y r E = k, -;y r Monopoles! 

Feel: Fg =mg FE =qE 

Dipole 

E~ 
Create: 

Feel: 

Class 15 

Experiment 5: 
Magnetic Fields: 
Bar Magnets & 

Wire Coils 

,."" 
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PRS Question: 
Part I: B Field from Bar Magnet 

Imagine one of the small compasses sitting on a 
table with the Earth's geographic North as indicated. 
A bar magnet is slowly slid towards the compass as 
indicated. What happens to the RED end of the 
compass needle? .. ~ ••• , • 

0% 
0'1. 
0'1. 
0'1. 
0'1. 
0'1. 

IN IN S I 
1. Nothing 

(i) 2. Rotates from down CCW 

3. Rotates from down CW 

4. Rotates from up CCW 

5. Rotates from up CW 

6. I don't know 

Visualization: 
Bar Magnet & 

Earth's Magnetic Field 

Class 15 
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PRS Question: 
Part 3: B Field from Helmholtz 

Identify the thre!:B-~~!e~~tl~~e?s!~ as Single (591f!!) 
HelmhOltz (Hh) or Anti·Helmholtz (A-H): 

·2 ., 0 1 
Oistance a long the central am (dR) 

~ eutVef.. A.. 8 & C are respedlvely. 
0% 1. Sgl, Hh. A-H 

0% 2. Hh, A-H, Sgl 
00/. 3. A-h, Sgl, Hh 
0% 4. SgJ, A-H, Hh 

5. A-H, Hh. 591 
6. Hh Sol A-H 

Field Pressures and Tensions: 
A Way To Understand the 

qVxB Magnetic Force 

Class 15 

Week 07 Day 1 
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Tension and Pressures 
Transmitted by E and B 

E & B Fields: 
• Transmit tension along field direction 

(Field lines want to pull straight) 
• Exert pressure perpendicular to field 

(Field lines repel) 

Example of E Pressure/Tension 

(Animation) 

Positive charge in unifonn (downward) E field 

Electric force on the cbarge is combination of 
I. Pressure pushing down from top 
2. Tension pulling down towards boltom 

Example of B PressurelTension 

(Animation) 

Positive charge moving out of page in unifonn 
(downwards) B field. Magnetic force combines: 

1. Pressure pushing from left 
2. Tension pulling to right 

Class 15 

Week 07 Day 1 
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Example of B PressurelTension 

(Animation) 

Both cases: repelling "pressure" arises from 
HIGH field strength 7 IDGH energy density 

Class 15 

Week 07 Day 1 
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics 

8.02 

Experiment 5: Magnetic Fields of a Bar Magnet and Helmholtz Coil 

OBJECTIVES 

I. To learn how to visualize magnetic field lines using compasses and a gauss meter 
2. To examine the field lines from bar magnets and see how they add 
3. To examine the field lines from a Helmholtz coil and understand the difference 

between using it in Helmholtz and anti-Helmholtz configurations. 

PRE-LAB READING 
INTRODUCTION 

In this lab we will measure magnetic field lines using two methods. First, we will use 
small compasses that show the direction, but not magnitude, of the local magnetic field. 
Next we will use a gauss met~ich measures the magnitude of the magnetic field 
along a single, specific axis and thus does not allow as easy a visualization of the 
magnetic field direction. We will measure fields both from bar magnets and from a 
Helmholtz coil. 

APPARATUS 

1. Mini-Compass 
You will receive a bag of mini-compasses (Fig. Ia) that indicate the magnetic field 
direction by aligning with it, with the painted end of the compass needle pointing away 
from magnetic north (i.e. pointing in the direction of the magnetic field) . Conveniently, 
the magnetic sou h oLe of the Earth is very close to its geographic north pole, so 
compasses tend to point North (Fig. i b). Note thiiT tfiesecompa:s-ses are c eap '(though 
not necessarily inexpensive) and sometimes either point in the direction opposite the way 
they should, or get completely stuck. Check them out before using them. 

(a) (b) South Magnetic pole 

II! North pole 
\ of compass 

Figure 1 (a) A mini-compass like the ones we will be using in this lab. (b) The painted 
end of the compass P2ints north because it points towards magnetic south. 
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2. Science Workshop 750 Interface 

As always, we will use the Science Workshop 750 interface, this time for recording the 
magnetic field magnitude as measured by the magnetic field sensor (gauss meter). 

3. Magnetic Field Sensor 

The magnetic field sensor measures the strength of the magnetic field pointing into one of 
two white dots painted at its measurement end (far left in Fig. 2). Selecting "radial" 
mode records the strength of the field pointing into the dot on the side of the device, 
while "axial" records the strength of the field pointing into the dot on the end. There is 
also a tare button which sets the current field strength to zero (i.e. measures relative to it). 

Figure 2 Magnetic field sensor, showing (from right to left) the range select switch, the 
tare button, and the radial/axial switch, which is set to radial. 

4. Helmholtz Coil 

Consider the Helmholtz Coil Apparatus shown in Fig. 3. It consists of two coaxial coils 
separated by a distance equal to their common radii . The coil can be operated in 3 
modes. In the first, connections are made only to one set of banana plugs, pushing 
current through only one of the coils. In the second, a connection is made between the 
black plug from one coil to the red plug from the other. This sends current the same 
direction through both coils and is called "Helmholtz Mode." In the final configuration 
"Anti-Helmholtz Mode" a connection is made between the two black plugs, sending 
current in the opposite direction through the two coils. 

Figure 3 Helmholtz Coil Apparatus 
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4. Power Supply 

Because the Helmholtz coils require a fairly large current in order to create a measurable 
field, we are unable to use the output of the 750 to drive them. For this reason, we will 
use an EZ dc power supply (Fig. 4). This supply limits both the voltage and the current, 
putting out the largest voltage possible consistent with both settings. That is, if the output 
is open (no leads connected, so no current) then the voltage output is completely 
determined by the voltage setting. On the other hand, if the output is shorted (a wire is 
placed between the two output plugs) then the voltage is completely determined by the 
current setting (V = 1Rsho"). 

GENERALIZED PROCEDURE 

Figure 4 Power Supply for Helmholtz Coil 
The power supply allows independent control 
of current (left knob) and voltage (right knob) 
with whichever limits the output the most in 
control. The green light next to the "ey" in 
this picture means that we are in "constant 
voltage" mode - the voltage setting is limiting 
the output (which makes sense since the 
output at the bottom right is not hooked up so 
there is currently no current flow). 

This lab consists of three main parts. In each you will measure the magnetic field 
generated either by bar magnets or by current carrying coils. 

Part 1: Mapping Magnetic Field Lines Using Mini-Compasses 
Using a compass you will follow a series of field lines originating near the north pole of a 
bar magnet. 

Part 2: Constructing a Magnetic Field Diagram 
A pair of bar magnets are placed so that either their opposite poles or same poles are 
facing each other and you will map out the field lines from these configurations. 

Part 3: Helmholtz Coil 
In this part you will use the magnetic field sensor to measure the amplitude of the 
magnetic field generated from three different geometries of current carrying wire loops. 

END OF PRE-LAB READING 
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IN-LAB ACTIVITIES 

EXPERIMENTAL SETUP 

1. Download the Lab View file and start up the program. 

2. Connect the Magnetic Field Sensor to Analog Channel A on the 750 Interface 

3. Without leads connected to the power supply, turn it on and set the voltage output to 
2 V. Turn it off. 

NOTE: When working with bar magnets, please do NOT force a north pole to touch a 
north pole (or force south poles to touch), as this will demagnetize the magnets. 

MEASUREMENTS 

Part 1: Mapping Magnetic Field Lines Using Mini-Compasses 

1. Tape a piece of brown paper (provided) onto your table. 

2. Place a bar magnet about 3 inches from the far side of the paper, as shown below. 
Trace the outline of the magnet on the paper. 

. t 3 inches, more or less 
Ir-N------,s I 

Paper ~ ~ Table edge 

~--===----
3. Place a compass near one end of the magnet. Make two dots on the paper, one at 

the end of the compass needle next to the magnet and the second at the other end 
of the compass needle. Now move the compass so that the end of the needle that 
was next to the magnet is directly over the second dot, and make a new dot at the 
other end of the needle. Continue this process until the compass comes back to 
the magnet or leaves the edge of the paper. Draw a line through the dots and 
indicate with an arrowhead the direction in which the North end of the needle 
pointed, as shown below 

S ~ 
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4. Repeat the process described above several more times (-4 field lines), starting at 
different locations on the magnet. Work fairly quickly - it is more important to 
get a feeling for the shape of the field lines than to map them precisely. 

Question 1: 

Mostly your field lines come back to the bar magnet, but some of them wander off and 
never come back to the bar magnet. Which part of your bar magnet do the ones that 
wander off never to return come from? Where are they going? 

Part 2: Constructing a Magnetic Field Diagram 

2A: Parallel Magnets 

1. Arrange two bar magnets and a series of compasses as pictured here: 

o 
o 
o 
o 
o 

~ 1 
o 

o 

©-I s 
.'-------

oI~ 
2. Sketch the compass needles' directions in-the diagram. Based on these compass 

- -- ---...... ..- --
directions, sketch in some:!ield l~nes /' ~ \ /' .r-

-cG~--' Question 2: 

Is there any place in this region_w~~ the magn:-:;;:c"ii'eta IS :ero? If s~ow can 
you tell? 

-) d 
091"..-

~ w~ cA.!' 30 In CXl J 
~ CI.1"'t cl ', 

~J /(1 btl vVtf(\ (f) ctg f1t r.s ho i if; P> 

o C"trf a..w 5y'" ,{( Ee. Y, 
h-e 11 .\:::-'N tn I /i'Gt5 r"- t (l +0 k., 
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Question 3: 

1J1:5 (I/O .swrf{~ Oy1 fC 
{./ol' (,s c-- ( /; 

Where is the magnetic field the strongest in this situation? How can you determine this 
from the field lines? 

~llVee~ <It 2 I"' Q.~ rtf.) - ~re 11(, 00 ~ ( 1~6j 
(,CJi/1'fl..'>A:) v: {!'/e J'cf'>[,./nt } · 

2B: Anti-Parallel Magnets 

I . Arrange two bar magnets and a series of compasses as pictured here: 

o 
c? 0 

-~N:--C-:; @- O 

o 

J ~ 0 
o o o 

2. Sketch the compass needles ' directions in the diagram. Based on these compass 
directions, sketch in some field lines. 

Question 4: 

Is there any place in this region where the magnetic field is zero? If so, where? How can 
you tell? 

I 

/Yl /U Ie, n ComfClt;( 

(Q ~1;1Iv'( 
I 

qVl(,kl/
1 
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Part 3: Helmholtz Coil 
In this part we are going to measure the z-component of the field along the z-axis (central 
axis of the coils) 
3A: Using a Single Coil 

I. With the power supply off, connect the red lead from the power supply to the red 
plug of the top coil, and the black lead to the black plug of the top coil. Tum the 
current knob fully counter-clockwise (i.e. tum off the current) then tum on the 
power supply and slowly tum the current up to - 0.6 A. 

2. Put the magnetic field sensor in axial mode, set its gain to lOx and place it along 
the central axis of the Helmholtz coil, pushing into the indentation at the center of 
the holder. Tare it to set the reading to zero. 

3. Start recording magnetic field (press Go) and raise the magnetic field sensor 
smoothly along the z-axis until you are above the top coil. Try raising at different 
rates to convince yourself that this only changes the time axis, and not the 
measured magnitude of the field. 

4. Sketch the results for field strength vs. position 

Question 5: 

Up Bottom Coil 
I 

Top Coil 
I 

:E _____ 

.~ 0+=-------=-----'----------:-----
l.L 

a:J 

DOWY---~~,---~~r_~~7T~_+~~~_r--, 
Distance Along the Vertica (Z) fl.xis 

Where along the axis is the field from the single coil the strongest? What IS its 
magnitude at this location? How does this compare to your pre-lab prediction? 

Rl6ht oj ~ hf co ~1 

b, S Gv'()Sj 

,., I . " 
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3B: Helmholtz Configuration 

I. Move the black lead to the black terminal of the lower coil, and connect a lead 
from the black terminal of the upper to the red terminal of the lower, sending 
current in the same direction through both coils. Set the current to - 0.3 A 

2. Follow the procedure in 3A to again measure field strength along the z-axis, 
plotting on the below figure. 

Question 6: 

Up 

1.1 

"0 

Bottom Coil , Top Coil , 

~ O+=~~=--L----------~--------
CO 

DOW4---~~~--~~r-7.0~70~-+~~~-'--' 
Distance Along the Vertica (Z) :A.xis 

Up 

Where along the axis is the field from the strongest? What is its magnitude at this 
location? How does this compare to your pre-lab prediction. Aside from the location and 
strength of the maximum, is there a qualitative difference between the single coil and the 
Helmholtz coil field profile? If so, what is the difference? 

~(j~ ~/ap~ Or /0.,( t{~ 
\ 

flRJV) :t~€ :> -Z 

3C: Anti-Helmholtz Configuration 

I. Swap the leads to the lower coil, keeping the current at - 0.3 A, although now 
running in opposite directions in the top and bottom coil. 

2. Follow the procedure in 3A to again measure field strength along the z-axis. 

llc) 

-,) 
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Question 7: 

Up 

~ 

Bottom Coil 
I 

Top Coil 
I 

~ O+---~~--~--~~------7----------

to 

DowY---~~r-~~~--~~~~-+~0r.~-r--, 
Distance Along the Vertica (Z) Axis 

Up 

What are two main differences between the field profile in Anti-Helmholtz configuration 
and in Helmholtz configuration? Does the maximum field strength match your prediction 
from the pre-lab? 

Further Questions (for experiment, thought, future exam questions .. ,) 

• What does the field profile look like if we place two bar magnets next to each other 
rather than collinear with each other (either parallel or anti-parallel to each other). 

• What does the radial field profile (e.g. the x component of the field) look like along 
the z-axis of the Helmholtz coil? 

• What do the radial and axial field profiles look like moving across the top of the 
Helmholtz coil rather than down its central axis? 

• It looks as though there is a local maximum of magnetic field strength at some point 
on the axis for both the single coil and Helmholtz coil configurations (at least looking 
at them along the z-axis only). If we consider them three dimensionally are they still 
local maxima? That is, if we move off axis does the magnitude of the field also 
decrease as we move away from these maxima points? 

E03-10 



Summary of Class 18 8.02 

Topics: Magnetic Fields: Creating Magnetic Fields - Biot-Savart 
Related Reading: Course Notes: Sections 8.3-8.4, 9.1-9.2, 9.10.1 ,9 .11.1-9.11.4 
Experiments: (6) Torgue on Magnetic Dipoless 

Topic Introduction 

Today we will focus on the creation of magnetic fields. The presentation is analogous to our 
discussion of charged particles creating electric fie lds. We first describe the magnetic field 
generated by a single charged particle and then proceed to collections of moving charges 
(currents), the fields from which we will calculate using superposition - just like for 
continuous charge distributions. We then calculate the forces that current carrying wires and 
loops feel in magnetic field. In particular we will perform a simple lab where we observe the 
motion of a dipole in the fi eld created by two current carrying coils. 

Field from a Single Moving Charge 
Next we turn to the creation of magnetic fields . Just as a single electric charge creates an 
electric field which is proportional to charge q and falls off as r-2, a single moving electric 
charge additionally creates a magnetic fi eld given by 

Ii = f.1o q Vx f 
41< r' 

Note the similarity to Coulomb's law for the electric field - the field is proportional to the 
charge q, obeys an inverse square law in r, and depends on a constant, the permeability of 
free space J.I.o = 41t X 10-7 T mlA. The difference is that the field no longer points along fbut 
is instead perpendicular to it (because ofthe cross product). 

If you haven't worked with cross products in a while, you should read the vector analysis 
review module. Rapid calculation of at least the direction of cross-products will dominate 
the rest of the course you need to understand what they mean and how to compute them. 

Field from a Current: Biot-Savart Law 
We can immediately switch over from discrete charges to currents by replacing q v with IdS: 

dB = f.1. 1 ciS x f 
41< r' 

This is the Biot-Savart fom1Ula , and, like the differential form of Coulomb's Law, provides a 
generic method for calculating fields - here magnetic fields generated by currents. The ds in 
this formula is a small length of the wire carrying the current I, so that I ds plays the same 
role that dq did when we calculated electric fields from continuous charge distributions. To 
find the total magnetic field at some point in space you integrate over the current distribution 
(e.g. along the length of the wire), adding up the field generated by each little part of it ds . 

Right Hand Rules 
Because ofthe cross product in the Biot-Savart Law, the direction of the resulting magnetic 
field is not as simple as when we were working with electric fields . In order to quickly see 
what direction the field will be in , or what direction the force on a moving particle will be in, 
we can use a "Right Hand Rule." At times it seems that everyone has their own, unique, 
right hand rule. Certainly there are a number of them out there, and you should feel free to 

Summary for Class 18 



Summary of Class 18 8.02 

use whichever allow you to get the correct answer. Here I describe the three that ~ use 
(including one we won't come to until next week). 

The important thing to remember is that cross-products yield a result which is perpendicular 
to both of the input vectors. The only open question is in which ofthe two perpendicular 
directions will the result point (e.g. if the vectors are in the floor does their cross product 
point up or down?). Using your RIGHT hand: 

- - -
I) For a generic cross-product (C = A x B ): open your hand perfectly flat. Put your thumb 

- - -
along A and your fingers along B. Your palm points along C. 

2) For determining the direction of the magnetic field generated by a current: fields wrap 
around currents the same direction that your fingers wrap around your thumb. At any point 
the field points tangent to the circle your fingers will make as you twist your hand keeping 
your thumb along the current. 

3) For determining the direction of the dipole moment ofa coil of wire: wrap your fingers in 
the direction of current. Your thumb points in the direction ofthe North pole of the dipole 
(in the direction of the dipole moment Jl of the coil). 

(I) 

/,--- 7 
L_~ __ r-I 

Lorenz Force on Currents 

Summary for Class 18 
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Summary of Class 18 8.02 

Since a current is nothing more than moving charges, a current carrying wire will also feel a 

force when placed in a magnetic field: F = If, x Ii (where J is the current, and L is a vector 
pointing along the axis of the wire, with magnitude equal to the length of the wire). 

Magnetic Dipole Moment 
The rest ofthe class will be spent doing an experiment where you get to observe the motion 
of a magnetic dipole in an external field created by a Helmholtz coil (the same one you 
measured the field profile of last week). In thinking about the field profile of the Helmholtz 

coil, remember that coils are magnetic dipoles with the dipole moment ji = iA , where J is the 
current in the loop and the direction of A, the area vector, is determined by a right hand rule: 

Right Hand Rule for Direction of Dipole Moment 
To determine the direction of the dipole moment ofa coil of wire: wrap your fingers in the 
direction of current. Your thumb points in the direction of the North pole of the dipole (in 
the direction of the dipole moment Jl of the coil). 

Magnetic Dipole Moments in External Fields 
You will observe the torque that a dipole can feel in an external field. Recall that the magnet 

will only feel a torque if not aligned with the external field - T = ji x Ii - and that the 
direction of the torque tends to align the dipole with the external field. 

There will only be a force on the dipole if it is in a non-uniform field. If aligned with the 
external field, the dipole will seek higher field (it will climb the gradient) in order to 

minim,ize its energy U = -ji. Ii . 

Magnetic Dipole Moment 
Next we turn our attention to loops of current, which act in the same way as magnetic 

dipoles, where the dipole moment is written ji = IA , where J is the current in the loop and 

the direction of A, the area vector, is determined by a right hand rule: 

Experiment 6: Torques oil. Magnetic Dipoles in a Magnetic Field 
Preparation: Read pre-lab and answer pre-lab questions 

This lab will be provide experience observing the torquea on magnetic dipoles in uniform 
magnetic fields. To investigate this we use the "Teach Spin apparatus," which consists of a 
Helmholtz coil (two wire coils that can produce either uniform or non-uniform magnetic 
fields depending on the direction of current flow in the coils) and a small magnet which is 
free both to move and rotate. 

Important Equations 

Summary for Class 18 p.3/4 



Summary of Class 18 8.02 

.. f1 qvxr 
Biot-Savart - Field created by moving charge; current: B = _0 . 

4n ,.2 ' 
- --Force on Current-Carrying Wire of Length L: F = I L x B 

Magnetic Moment of Current Carrying Wire: 

Torque on Magnetic Moment: 

Energy of Moment in External Field: 

Summary for Class 18 

ji = fA (direction from RHR above) 

T=ji x B 

U =-ji·B 

p.4/4 
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Class 18: Outline 

Hour 1 & 2: 

Magnetic Fields, Creating Fields: 
Biot-Savart Law 

Sources of Magnetic Fields 

What creates fields? 

Magnets - more about this later 

The Earth How's that work? 

Moving charges! 

Class 18 

Week 06, Day 1 

Pll_ I 
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Electric Field Of Point Charge 

An electric charge produces an electric field: 

C/o / E 
ff - 1 q 

/p E= 2r 
r /r 4Jr& r 

o 

f : unit vector directed from q to P 

Magnetic Field Of Moving Charge 

Moving charge with velocity v produces magnetic field: 

r : unit vector directed 
from q to P 

1'0 = 4". X J 0-7 T . m/ A permeability of free space 
.". , 

Animation: 
Field Generated by a Moving Charge 

" " 
i l~i I 

f 

. 
, I 

Class 18 

Week 06, Day 1 
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Moving 
Continuous"charge distributions: 

Currents & Biot-Savart 

·'~· 1 

From Charges to Currents? 

dB oc dqv 

= (charge) m 
s 

charge 
= m 

s 

The Biot-Savart Law 
Current element of length ds carrying current I 
produces a magnetic field: 

dB' P , 
, dB = Jio I asxr , , 

~ 
, 

;-/9 41Z" r2 

/"" ds 

(Shockwave) 

,~. 

Class 18 

Week 06, Day 1 
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Week 06, Day 1 

The Right-Hand Rule #2 

It 
A 

~ f 

PRS Questions: 
B fields Generated by Currents 

PRS: Biot-Savart .J. 
The magnetic field at P points towards the 'Ii 

I 

0% 1. +x direction I I i 

0% 2. +y direction I 
I I 

0% 3. +z direction n 

0% 4. -x direction i: 
5. -y direction 

y: 
0'" l :p, 
0% ID -z direction 
O'k 7. Field is zero (so no direction) 

1''/'_0 

Class 18 4 



Week 06, Day 1 

ill!J PRS: Bent Wire 
The magnetic field at P is equal to the field of: 

c
-----

R I 

P 

.....l..-

0·.4 1. a semicircle 

0% 2. a semicircle plus the field of a long straight wire 
0% 3. a semicircle minus the field of a long straight wire 
0% 4. none afthe above 

Demonstration: 
Field Generated by Wire 

"'I I< 

Demonstration: 
Jumping Wire 

,~ " 

Class 18 5 



Magnetic Force on 
Current-Carrying Wire 

Current is moving charges, and we know that 
moving charges feel a force in a magnetic field 

~*-" 

Magnetic Force on 
Current-Carrying Wire 

FB=qvxB ~~ 
~ 

( )ID - 0::: .'; = charge -; x B 0::: ,. 
= charge ID xB ~ JJ j'" \" _ :r; s 

IFe =I(LX B)I 
" HI 

PRS Question: 
Parallel Current Carrying Wires 

Class 18 

Week 06, Day 1 
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PRS: Parallel Wires 

fO Consider two parallel current 
carrying wires. With the currents 
running in the same direction, the 
wires are 2 

0% ::;) attracted (likes attract?) 
0% 2. repelled (likes repel?) 

0% 3. pushed another direction 

0% 4. not pushed - no net force 

O'k 5. I don't know 

.... It 

Demonstration: 
Parallel & Anti-Parallel Currents 

Can we understand why? 
Whether they attract or repel can be seen in 
the shape of the created B field 

(Animation) (Animation) 

Class 18 

Week 06, Day 1 
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Week 06, Day 1 

PRS: Current Carrying Coils -
The above coils have 
0% 1. parallel currents that attract 
0', 2. parallel currents that repel 
0% 3. opposite currents that attract 
0% ~ opposite currents that repel o --------------------------

Force on Dipole from Dipole: 
Anti-Parallel Alignment 

Force on Dipole from Dipole: 
Parallel AI ment 

Class 18 8 



Week 06, Day 1 

Applications 

Speakers 

basket 

• P'HS Mnl to diled 1m! apeakl!1 

Speakers 
How Speakers Work 

dust CilP 

~_·,o",c coli 

+ 

Class 18 9 



Example: Coil of Radius R 
Consider a coil with radius R and current I 

Itv~i 
Find the magnetic field B at the center (P) 

Example: Coil of Radius R 

Consider a coil with radius R and current I 

• Legs contribute nothing 
I.P I parallel to r ~ 

1) Think about it: 

I 
. Ring makes field into page 

2) Choose a ds 
3) Pick your coordinates 
4) Write Biot-Savart 

Animation: Magnetic Field 
Generated by a Current Loop 

Class 18 

,~. 

Week 06, Day 1 
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Example: Coil of Radius R 
In the circular part of the coiL .. 

ds.lf -; Idsxfl=ds 

Biot-Savart: 

I • -+ ~ il I 

dB _ Jlol ldS x '1_ Jl,J ds 
- 4Jr --;:z- - 4n -;r 

Jlol R dB 
= 4:r---;O 

Jlol dB =--
4:r R 

Example: Coil of Radius R 
Consider a coil with radius R and current I 

dB = Jlol dB 
4:r R 

B = IdB = 2J Jlol dB 
o 4ff R 

'''.)1 

= JloI
2

JdB= Jlol (211") 
411"R 0 411"R 

B = Jl,J into page 
2R 

Example: Coil of Radius R 

1(0lr - JlI B = _0_ into page 
2R 

Notes: 
-This is an EASY Biot-Savart problem: 

• No vectors involved 
-This is what I would expect on exam 

Class 18 

Week 06, Day 1 
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Group Problem: 
B Field from Coil of Radius R 

Consider a coil made of semi·circles of radii Rand 2R 
and carrying a current I 

rJ.:'1~·"'" "'" ~ 
K 

Group Problem: 
B Field from Coil of Radius R 

Consider a coil with radius R and carrying a current I 

Y What is B at point P? WARNING: 

I -
x 

This is much 
harder than 

. the previous 
problem. 
Why?? 

Magnetic Dipole Moment 

Class 18 

Week 06, Day 1 
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Torque on a Current Loop in a 
Uniform Magnetic Field 

Group Problem: Current Loop 
Place rectangular current loop in uniform B field 

'-+-I 1) What is the net force on 
B 0 this loop? ~ 

~ 2) What is the net torque 
~ 

on this loop? 

CD CD " 3) Describe the motion the 

L. I 
loop makes 

CD 
k i - - b- --I 

" 1<11 

Torque on Rectangular Loop 

t, r->-j T = JABj 
0~x 0 
~ 0 1/ A = A fi = abit: area vector 

k • - • 
j~ '. I n =+k, B=Bi 

li =lAxBI 
Familiar? No net force butlhere is a torque 

Class 18 

Week 06, Day 1 
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Magnetic Dipole Moment 
Define Magnetic Dipole Moment: 

"tt" I ~ == IAn == IAI 
E: Theni-: -------, 

c l; li =iiXBI 
~:=;!1 Analogous to T = P x E 

~ tends to align I' with B 

Animation: 
Another Way To Look At Torque 

Extemal field connects to field of magnet 
and "pulls' the dipole into alignment 

Demonstration: 
Galvanometer 

Class 18 

.... , 

Week 06, Day 1 
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Week 06, Day 1 

PRS Question: 
Force on Magnetic Dipole 

PRS: Dipole in Field ~o 

: J~ . is 'i) 

J 

From rest, the coil above will: 

0·'" 1. rotale clockwise, nol move 
0% 2. ro~lo CQunterdockw\so, not mow 
0.,.. 3, move to the right, not rotale 

0% 4. move to the left, not rotate 
O'V. 5. move in another direction, withOUt rotating 
0'% 6. bOth mcwo and rotate 
0% 7. neilherrotateoormOV6 
0 % 8, Idon'tknow 

DC Motor 

Class 18 15 



Energy of Magnetic Dipole 

I U Dipole = -~. B I 
This equation gives you a general way to 
think about what dipoles will do in B fields 

Experiment 6: 
Magnetic Forces on Dipoles 

This is a little tricky. We will 
lead you through with lots 

of PRS questions 

First: Set up current supply 

• Open circuit (disconnect a lead) 

• Turn current knob full CCW (off) 

• Increase voltage to -12 V 
- This will act as a protection: V<12 V 

• Reconnect leads in Helmholtz mode 

• Increase cu rrent to -1 A 

Class 18 

Week 06, Day 1 
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Field Profiles: B vs. Height 

VERY/ 

UNIFORMI 

Single Coil Helmholtz 

Anti-Helmhol tz 

~ZERO 
FIELDI 

_ PRS: Dipole in Helmholtz 

A randomly aligned dipole at the center of a 
Helmholtz coil will feel: 

D% 1. a force but not a torque 
0% 2. a torque but not a force 
0'" 3. both a torque and a force 
D% 4. neither force nor torque 

'I,. 

Next: Dipole in Helmholtz (Q1-2) 

• Set in Helmholtz Mode (-1 A) 

• Turn off current 

• Put dipole in center (0 on scale) 

• Randomly align using bar magnet 

• Turn on current 
• What happens? 

•• 

Class 18 

Week 06, Day 1 
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PRS: Moving in Helmholtz B 

When moving through the above field profile, a 
dipole will : 

O~. 1. Never rotate 

0% 2. Rotate once 

0% 3. Rotate twice 

Class 18 

Week 06, Day 1 
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PRS: Biot-Savart A 
~~ 
t~ 

The magnetic field at P points towards the 1\ 

PRS: Bent Wire 
The magnetic field at P is equal to the field of: 

PRS: Parallel Wires 

Consider two parallel current 
carrying wires. With the currents 
running in the same direction, the . . 

wires are 

0%::; 1. attracted (likes attraCt?) 

0% 2. repelled (likes repel?) 

PRS Answer: Biot-Savart 

Answer: 6. B(P) is in the -z 
direction (into page) 

PRS Answer: Bent Wire 
Answer: 2. Semicircle + infinite wire 

R I 

'p 

_ 1_ 

.. PRS Answer: Parallel Wires 

Answer: 1. The wires are attracted 





PRS: Mc;>yil1g in Helmholtz 8 PRS Answer: Mn\lIng in Helmholtz 



MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics: 8.02 

Solutions: Current Carrying Coil 

Problem: Consider a coil consisting of two semi-circles of radii R and 2R 
carrying a current I. Calculate the magnetic field at the center, point P. 

(1'''-',\'' ~ '~ 
",,*""%$ '=t. #' .... "-

~ '%. 
# j> ~ g ~ 

" " . jj ~.~' j 
~ , ,} 

1 , J ~~ j~ 

P- err.e~~r 11 5v~~ J ~ 4"/' 
Solution: ( '" /V"i I a.) ~,,,,,,,, 
This is very similar to the demonstration we did of a single circle, instead now we will integrate 
from 0 to rc instead of 0 to 2rc to get aro und each semi-circle. Each semi-circle creates a field in 
the same direction (out of the page) so we can just superimpose (add) them. 

So, we will use the Biot-Savart formula, immediately getting rid of the vectors: 

dB= J.lol dsxr => dB= J.lol ds = J.lol ,.dB = J.loI dB 
47r ,. ' 47r,. ' 47r,.' 4m' 

where r is either R or 2R, depending on which side we are integrating and B is the angular 
variable that let's us move around the circle. 

The integral is easy since everything is a constant, and for each semi-circle we get: 

B = '} poI dB = pol 7r = pol 
0=04m' 4m' 4,. 

Now we just add the fields together from the two semi-circles: 

B = _ 0 __ +_ = _0_ out of the page - P I ( I I) 3pl . 
4 R 2R c..=SR-'--____ -' 
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics: 8.02 

Solutions: Magnetic Field along Central Axis of Current Carrying Coil 
y 

Problem: Calculate the magnetic field at a point P along the ax is 
or a loop of current of radius R. = !<{:tt~o"""'~!;~~~;;::.; 

Solution: 
~t''''''~,~#i' x P 

As always, the first step is to think about the problem a litt le. Since we have a loop of current 
every point on that loop will contribute to the magnetic fi eld at P. We can calculate the direction 
and how much using the Biot-Savart formula: 

dB = Pol d s x r 
47r r' 

Now redraw the above picture, labeling everything in this formula - we wi ll pick one as on the 

loop and see what dB it makes: 

y 

ds 

I 

II! R ~fY 
jl 

dB 

. . ""B::-----" X 
c x 

Note that th is is slightl y more 
compl icated than the case we 
looked at before - the fie ld at the 

center of the loop. Here the dB is 
at an angle to the axis (you can see 
this by using the right-hand rule) . 
Also note that the as I chose is 
arbitrary . We have to do it for 
every as around the loop. If Thad 
chosen the point at the bottom of the 

loop the dB would be flipped 
across the x-axis (pointing in the 
negati ve y direction) but would be 
the same magnitude. If! had picked 

the point at the left or right of the loop then the field wou ld be in the xz plane instead or the .\y 
plane. 

When we integrate around the loop we wi ll see that all the non-x components will vanish (by 
symmetry) and that only the x-component survives. So we will on ly ca lcu late the x-component: 

" Pol Ids x r I PolR ds" R " 11' 
dB =dBcose= , cose= "31' Slllce cose=- and r=(x-+ R -) -

x 47r r- 47r (x - + R-) - r 

Note that there was no sine 8) term from the cross product because as and r are perpendicular. 
Finally, we just need to integrate around the loop: 

PoIR "fid _ PolR' 
Bx 47r(x' + R' )3/' Ljl S - 2(x' + R' )3/' 
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics: 8.02 

Solutions: Force and Torque on a Current Loop in a Uniform Magnetic 
Field 

Problem: Consider the current carryi ng loop at right which 
sits in a uniform external magneti c field B. What is the force 
and torque on the loop? What motion does it make? 

Solution: 
I) What is the net force? 
The forces on the top and bottom (legs I & 3) of the loop are 
both zero, as the current is parallel to the magnetic fi eld. The 
forces on legs 2 & 4 are equal and opposite and hence cancel. 
So the net magnetic field is zero. 

2) What is the net torque? 

1 F2 •••• t~ __ .q .---.~ 
" •••••••••• w •••• ~ ,....1':\ 

r:j'\ ! ® \~w.~"''''''''''''''''''''~t~~,.''J.'';.'''' .•. '''''''''' .... ,'' X ' f'4.' \v \. j 0 ~ \ j \:!.) 

~ "' ''1'' 
F, 

The force on leg 2 is out o[ the page and the force on 
leg 4 is into the page, so there will be a torque up 
(which means that the loop wants to rotate into the 
page on the right). To calculate its magnitude we need 
to arbitrarily choose an axis of rotation. I ' ll pick leg 2. 
Then the torque only comes from leg 4 and we have: 

T = ;: x F = hi x laB ( - k ) = labBj 

SO what happens to the loop due to this torque? It will rotate until it has rotated 90 degrees. At 
this point the forces on legs 2 and 4 will be "outward," making the loop want to expand rather 
than rotate. So at this point the loop won' t want to rotate any more - it is an equilibrium position. 
Of course the loop will already have angu lar momentum [Tom the motion it just underwent 
meaning that it will continue past this equ ilibrium point and then undergo harmonic motion 
about it. 
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics 

8.02 

Experiment 6: Forces and Torques on Magnetic Dipoles 

OBJECTIVES 

I. To observe and measure the forces and torques acting on a magnetic dipole 
placed in an external magnetic field . 

REMARK: We will only measure the torque on the dipole, (parts 1-3 below). If you 
have the time you may want to try and observe the forces on the dipole in parts 4-5 
but it is not required. 

PRE-LAB READING 
INTRODUCTION 

In this lab you will suspend a magnetic dipole (a small but strong bar magnet) in the field 
of a Helmholtz coil (the same apparatus you used in Expt. 5). You will observe the force 
and torque on the dipole as a function of position, and hence external field. 

The Details: Magnetic Dipoles in External Fields 

As we have discussed in class, magnetic dipoles are characterized by their dipole moment 
p, a vector that points in the direction of the B field generated by the dipole (at the center 
of the dipole). When placed in an external magnetic field B, they have a potential energy 

U = -"·R Dipole ,... 

That is, they are at their lowest energy ("happiest") when aligned with a large external 
field 

Torque 

When in a non-zero external field the dipole will want to rotate to align with it. The 
magnitude of the torque which leads to this rotation is easily calculated: 

r = dU = -~ ,uBcos( B) = ,uBsin( B) = IjixRI 
dB dB 

Again, the direction of the torque is such that the dipole moment rotates to align with the 
field (perpendicular to the plane in which ,u and B lie, and obeying the right hand rule 
that if your thumb points in the direction of the torque, your fingers rotate from ,u to B. 

Force 

E04-1 



In order to feel a force, the potential energy of the dipole must change with a change in 
its position. If the magnetic field B is constant, then this will not happen, and hence the 
dipole feels no force in a uniform field. However, if the field is non-uniform, such as is 
created by another dipole, then there can be a force. In general, the force is quite 
complex, but for a couple of special cases it is simple: 

I) If the dipole is aligned with the external field it seeks higher field 
2) If the dipole is anti-aligned it seeks lower field 

These rules can be easily remembered just by remembering that the dipole always wants 
to reduce its potential energy. They can also be remembered by thinking about the way 
that the poles of bar magnets interact - opposites attract while likes repel. 

In one dimension, when the dipole is aligned with the field, a rather straight forward 
mathematical expression may also be derived: 

dU d dB 
F=--=-pB=p-

dz dz dz 
Here it is important to note that the magnitude of the force depends not on the field but on 
the derivative of the field. Aligned dipoles climb uphill. The steeper the hill, the more 
force they feel. 

APPARATUS 

1. Teach Spin Apparatus 

(b) 
"P 
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Figure 1 The Teach Spin Apparatus (a) The Helmholtz apparatus has a tower assembly 
(b) placed along its central axis. The tower contains a disk magnet which is free to rotate 
(on a gimbal) about an axis perpendicular to the tube and constrained to move vertically. 
The amount of motion can be converted into a force knowing the spring constant of the 
sprIng. 
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The central piece of equipment used in this lab is the Teach Spin apparatus (Fig. I). It 
consists of the Helmholtz coil that you used in experiment 5, along with a Plexiglas tube 
containing a magnet on a spring. The magnet can both rotate and move vertically, 
allowing you to visualize both torques and the forces on dipoles. 

It will be useful to recall some results from experiment 5 involving the Helmholtz coil. 
There are three different modes of operation - you can energize just a single coil , both 
coils in parallel (Helmholtz configuration) or both coils anti-parallel (anti-Helmholtz). 
The fie ld profiles (as well as the derivatives of those profiles - necessary for thinking 
about force) look like the following: 

To il 
a.> Bottom: Coil 
"0 
:::J 

:<.:::: 
c.. 
E « 
"0 
a.> 

u::: 0 
u 

:;:: 

, 

~~~----::/i-
I " Iti H ,nho <-

a.> 
c 
OJ 
C1l 
~ 

-2 -1 0 1 2 
Distance along the central axis (zIR) 

Bottom: Coil [' 

-';-Single Coil 
-H€.I'" '101 

-2 -1 0 1 2 
Distance along the central axis (Z/R) 

F igure 2: The z-component of the magnetic field and its derivative for the three modes 
of operation of the Helmholtz coil. See page the last page of this write-up for an " iron
filings" representation of these three field configurations. 
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2. Power Supply 

We will also use the same power supply as in experiment 4 in order to create large 
enough fields in the Helmholtz apparatus to exert a measurable force on the magnet. 

GENERALIZED PROCEDURE 

This lab consists of five main parts. In each you will observe the effects (torque & force) 
of different magnetic field configurations on the disk magnet (a dipole). 

Part 1: Dipole at center of Helmholtz Coil 
You will move the disk magnet to the center of the Helmholtz apparatus and randomly 
align it and then see what happens when the coil is energized. 

Part 2: Reversing the field 
You will reverse the direction of the field and see what happens. 

Part 3: Moving Through the Helmholtz Apparatus 
Here you slowly pull the disk magnet up from the bottom of the Helmholtz apparatus (in 
Helmholtz mode) and out through the top, observing any torques or forces on the magnet. 

Part 4: Dipole at center of Anti-Helmholtz Coil 
Here you repeat part I in anti-Helmholtz configuration 

Part 5: Moving Through the Anti-Helmholtz Apparatus 
Here you slowly pull the disk magnet up from the bottom of the Helmholtz apparatus (in 
anti-Helmholtz mode) and out through the top, observing any torques or forces on the 
magnet. 

END OF PRE-LAB READING 
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IN-LAB ACTIVITIES 

EXPERIMENTAL SETUP 

I. Download the Lab View file and start up the program. 

2. Without leads connected to the power supply, tum it on and set the voltage output to 
12 V. Tum the current knob fully counter-clockwise (off). 

3. Connect the leads to the Helmholtz apparatus, in Helmholtz mode. 

4. Increase the current to approximately I A, then tum off the power supply (with the 
push button - do not change the voltage or current settings). 

MEASUREMENTS 

Part 1: Dipole in Helmholtz Mode 

I. Slide the disk magnet to the center of the Helmholtz apparatus (0 on scale) 

2. Randomly align the disk magnet using a bar magnet (try to make off axis) 

3. Tum on the power supply, carefully watching the disk magnet 

Question 1: 

Did the disk magnet rotate? (Was there a torque on the magnet?) 

Question 2: 

Did the spring stretch or compress? (Was there a force on the magnet?) 

Part 2: Reversing the Leads 

I. Without touching the apparatus (or even bumping the table - be VERY careful) 
disconnect the leads from the power supply and insert them in the opposite 
direction (flip the current direction). 

2. Carefully watch the dipole as you do this. Repeat the experiment several times. 

Question 3: 

What happened to the orientation of the disk magnet when you change the current 
direction in the coils in the Helmholtz configuration? Is this what you expect? Why? 
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Part 3: Moving a Dipole Along the Axis of the Helmholtz Apparatus 
1. Now lower the disk magnet to bottom of the tube 

2. Slowly pull the disk magnet up through the apparatus, until it is out the top. 
While pulling watch both the orientation of the magnet and the stretch or 
compression of the spring. 

Question 4: 

Starting from the bottom, describe the direction of the force (up or down) and the 
orientation of the disk magnet, paying careful attention to locations where they change. 

Question 5: 

Where does the force appear to be the largest? The smallest? How should you know 
this? 

OPTIONAL 

Part 4: Dipole in Anti-Helmholtz 

1. . Switch the apparatus to Anti-Helmholtz mode and increase the current to 2 A. 
Then turn off the power supply. 

2. Move the disk magnet to the center (0 on scale) and randomly align it (off axis) 

3. Turn on the power supply, carefully watching the disk magnet 

Question 6: 

Did the disk magnet rotate? (Was there a torque on the magnet?) 

Question 7: 

Did the spring stretch or compress? (Was there a force on the magnet?) 
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Part 5: Moving a Dipole Along the Axis of an Anti-Helmholtz Coil 
I. Now lower the disk magnet to bottom of the tube 

2. Slowly pull the disk magnet up through the apparatus, until it is out the top. 
While pulling watch both the orientation of the magnet and the stretch or 
compression ofthe spring. 

Question 8: 

Starting from the bottom, describe the direction of the force (up or down) and the 
orientation of the disk magnet, paying careful attention to locations where they change. 

Question 9: 

Where does the force appear to be the largest? The smallest? How should you know 
this? 

Further Questions (for experiment, thought, future exam questions ... ) 

• What happens as we move through with just a single coil energized? Is it similar to 
the Helmholtz or anti-Helmholtz? How is it different? 

• Are there places where we can put the disk magnet and then randomly orient it 
without either changing the force on it or having a torque rotate it back to alignment 
(in any of the 3 field configurations)? 

• If you were to align the disk magnet with the x-axis (perpendicular the coil axis) and 
then center it in anti-Helmholtz mode, would there be a torque or force on it? 
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Iron Filings Patterns for Fields in the Helmholtz Apparatus 

Anti-Helmholtz 
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Summary of Class 19 8.02 

Topics: Magnetic Fields: Force and Torque on a Cunent Loop 
Related Reading: Readi ng: Course Notes: Sections 8.8·8.9, 9.10.1,9 .1 1.1-9. 11.4 

Topic Introduction 

In today 's class we calculate the force on a charged particles moving in a magnetic field and 
the torque on a rectangular loop of wire. 

Lorenz Force on Moving Charges Currents 

A charged particle moving in a magnetic ficld feels a force F = qv x B. Similarly, a piece of 

current carrying wire placed in a magnetic field will feel a force: dF = IdS x B (where ds is a 
small segment of wire carrying a current f). We can integrate this force along the length of 
any wire to determine the total force on that wire. 

Right Hand Rules 
Because of the cross product in the Biot-Savart Law, the direction of 
the resulting magnetic field is not as simple as when we were working 
with electric fields. In order to quickly see what direction the field 
will be in, or what direction the force on a moving particle will be in, 
we can use a "Right Hand Rule." At times it seems that everyone has 
their own, unique, right hand rule. Certainly there are a number of 
them out there, and you should feel fTee to use whichever allow you to 
get the correct answer. Here I describe the four that I use. 

1 

The important thing to remember is that cross-products y ield a result which is 
perpendicular to both of the input vectors. The only open question is in which of 
the two perpendicular directions will the result point (e.g. if the vectors are in the 
floor does their cross product point up or down?). Using your RIGHT hand: 

I) For determining the direction of the force of a field on a moving charge: open 
your hand perfectly flat. Put your thumb along v and your fingers along B. Your 
palm points al ong the direction of the force. 

2) For determining the direction of the magnetic fi eld generated by a current: 

f 

fields "'Tap around currents the same direction that your fingers wrap around your 
thumb. At any point the field points tangent to the circle your fingers will make as you 
twist your hand keeping your thumb along the current. 

3) For determining the direction of the dipole moment of a coil of wir e: wrap your 
fingers in the direction of current. Your thumb points in the direction of the North po le 
of the dipole (in the direction o f the dipole moment fJ. of the coil) . 

Torque Vector 

2 
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Sum Inny of Class 19 8.02 

I'll tack on one more right hand rule for those of you who don'r remember what the direction 
ofa torque 1: means. If you put you r th umb in the direction Of the torque vector, the object 
being torque will want to rotate the direc tion your fingers wrap around your thumb (very 
similar to RHR #'2 above). 

Important Equations 
Force on Moving Charges in Magnetic Field: 

Force on Current-Carrying Wire Segment: 

Magnetic Moment of Current Carrying Wire: 

Torque on Magnetic Moment: 

Force on Magnetic Moment: 

Energy of Moment in External Field: 

Summary for Class 19 

F=qvxB 
dF= JdSxB 
ji = fA (direction for RBR #3 above) 

T = ji x 8 

Fv;pole =(ji. V)B 

U = - ji. B 

p.212 



MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics 

Problem Solving 6: Magnetic Force & Torque 

OBJECTIVES 

1. To look at the behavior of a charged particle in a uniform magnetic fi eld by studying 
the operation of a mass spectrometer 

2. To calculate the torque on a rectangular loop of current-carrying wire sitting in an 
external magnetic fi eld. 

3. To define the magnetic dipole moment of a loop of current-carrying wire and write 
the torque on the loop in terms of that vector and the external magnetic fi eld. 

REFERENCE: Sections 8.3 - 8.4. 8.02 Course Notes. 

Mass Spectrometer 

A mass spectrometer consists of an ionizer, which strips (ideally) a single electron 
from an atom whose mass you want to measure, an acceleration region, and a defl ection 
region, as pictured in Fig. 1. 

Defl ector Re . on 
(Uniform B 

, 

D Counter 

Accelerator Region 
'---+'-'----'----'--, 

Figure 1: A mass spectrometer. 

In Figure 1, the ions exit the ionizer at essentially zero velocity. They are accelerated by 
a potential di fference through the acce lerator region, where they enter the deflector 
region through a small orifice (X). The deflector region has a uniform B fie ld which 
bends the ions around through another small orifice into the counter, where the ions are 
counted. By scanning the accelerating voltage LtV a range of masses (or, more 
accurate ly, mass to charge ratios) can be measured, to determine the content of some 
unknown gas. 

Solving 6-1 



Question 1 (AI/sIVer this and slIbseqllel/t qllestiol/s 011 the tear-off sheet at the elUl): 
What should the polarity of the potential difference LlV be (should potential be higher at 
the top near the deflector or at the bottom near the ionizer)? 

8 ; 0" (€ 1{C~((y ~ 5"~r;ppeJ) [;0 /.. ; ~~( V C{ I h f pf f c:..Y 

Question 2: [n what direction should the B field point to guide the ions into the counter? 

Question 3: Find an expression for the kinetic energy of the ions when they enter the 
deflector region (HINT: Why do they have kinetic energy? Where did it come from?) 
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Question 4: What path do the ions follow in the deflector region? Derive an expression rc;\ cl ' r 
for the magnetic field that is needed to make sure that ions of mass m end up in the , (~ ) 
counter (a distance D away from where they enter the deflector region). II\VrJ( J 
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Question 5: About what potential !1 V is needed to get singly ionized carbon-12 ions into 
the counter if B = 1 T and D = 20 cm? You can assume that protons and neutrons have 
about the same mass given by mc2 

- I Ge V. (Do this as a back of the envelope 
calculation - NO CALCULATOR!) I' ':;' ;) l ? 
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Magnetic Dipole Moment 

In class we determined that a planar loop of area A (with unit vector n normal to the 
loop) and carrying current J, has a magnetic dipole moment p given by: 

p=JA=IAIi 

The normal Ii points in a direction defined by your thumb when you curl the fingers of 
your right hand in the direction of the current in the loop. 

We calculated the torque on such a loop in a uniform magnetic fie ld Box, to be 

T magnetic =: ji X B ext' 

and the force on such a loop in a non-uniform magnetic field B,,, to be: 

F nWgneliC = (ji. V) Hex! 
(note that this evaluates to 0 if B", is uniform - dipoles do not fee l forces in uniform 

external fie lds). 

Problem: A square loop of wire, oflength l' on each side, pivots about an axis AA' that 
corresponds to a horizontal side of the square, as shown in Figure 4. A magnetic fie ld of 
magnitude B is directed vertically downward, and uniformly fi lls the region in the 
vicinity of the loop. A current J flows around the loop. cJ l ' /l Q:. ~v. ()Q.. 

(a) l B _ ~ A' (b)! B 

-:?' ~ .e 
,,/ e l' 

A 
~ 

/ h~ e 
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Question 6: Calculate the magnitude of the torque on this loop of wire in terms of the 
quantities given, using our expressions above. 

4IJ :: l A 'i\ r 

Gj,-V is;" e-
Question 7: In what direction does the current need to flow in order " levitate" the coil 
again the force of gravity (clockwise or counterclockwise viewed from above)? 
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Question 8: Suppose that the loop (/ = 1 m) is essentially massless, but that a small child 
(m = 20 kg) wants to hang from the bottom rung of the loop and be supported at e = 45°. 
If we can push 1 = 100 A through the loop, about how large a B field will we need to 
support the child? C ~I I !, tQ'1c1:( 't:Aj 

Question 9: Now suppose the child starts fidgeting, causing the angle to slightly change. 
___ ) If the deviation is initially small, will the forces tend to cause the motion to run to larger 

excursions (i.e. to fall to e = 0° or to snap up to e = 90°) or will they tend to restore to 
45°? If the former, about how long will it take to fall/rise? If the latter, what is the 
frequency of small oscillations of the angle about e = 45°? HINT: You can expand the 

trigonometric functions about 45° using sin (x + y) = sin xcos y + sin ycos x and 

cos (x + y) = cos x cos y - sin x sin y and then use small angle identities sin(x) - x and 

cos(x) - 1. At 45° the two components of the torque are equal and opposite, so rewrite 
the total torque in terms of gravity g and length e. Finally, the moment of inertia of a 
point mass a distance f. from a pivot is mf.2 

Question 10: If instead of balancing the child at 45° they wanted to ride at 60°, is it 
better to keep the field vertical or to switch to horizontal (i.e. which requires smaller B)? 

Solving 6-4 



Sample Exam Question (If time, try to do this by yourself, closed notes) 

A charge of mass In and charge q > 0 is at the origin at I = 0 and moving upward with 

velocity V = V j. Its subsequent trajectory is shown in the sketch. The magnitude of the 

velocity V = IVI is always the same, although the direction of V changes in time. 

\ 

\ R 
/ \ 

/ 

\ / RJ2 x 
----./ 

(a) For y > 0, this positive charge is moving in a constant magnetic field which is either 
into the page or out of the page. Is that magnetic field for y > 0 into or out of the 
page? 

(b) Derive an expression for the magnitude of the magnetic field for y > 0 in terms of 
the given quantities, that is in term of q, In, R, and V. 

(c) For y < 0, the charge is moving in a different constant magnetic field. Is that field 
for y < 0 into or out of the page? What is the magnitude ofthat magnetic field in 
terms of in term of q, In, R, and V? 

(d) How long does it take the charge to move from the origin to point P (see sketch) 
along the x-axis? Give your answer in terms of the given quantities. 

Solving 6-5 
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Problem Solving 6: Magnetic Force & Torque 

Group I \ I [.Iff tort ""~. \Jot~(f(! tQ ~j,.", up (e.g. L02 6A Please Fill Out) 

Question 2: In what direction should the magnetic field be pointed? 

Ouko~ l~ ~G'-\\L ~ ~ 
Question 3: Find the kinetic energy of the ions when they enter the deflector region. 
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Q estion 4: What path do the ions follow in the deflector region? Derive an expression 

';.::7 ~ Iz." ff-/' r the magnetic field that is needed to make sure that ions of mass In end up in the 
(L ounter (a distance Q away from where they enter the deflector region). 
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Question 6: Calculate the magnitude of the torque on this loop of wire in terms of the 
quantities given, using our expressions above. ., _ n 3~ e ® 
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Question 7: In what direction does the current need to flow in order "levitate" the coil 
again the force of gravity (clockwise or counterclockwise viewed from above)? 
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Question 8: Suppose that the loop (/'= I m) is essentially massless, but that a small child 
(m = 20 kg) wants to hang from the bottom rung of the loop and be supported at 8 = 45°. 
If we can push I = 100 A through the loop, about how large a Bfield will we need to 
support the child? 
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Question 9: Now suppose the child starts fidgeting, causing the angle to slightly change.9, :7,':> 
If the deviation is initially small, will the forces tend to cause the motion to run to larger '\oS' 
excursions (i.e. to fall to 8 = 0° or to snap up to 8 = 90°) or will they tend to restore to .I), 
45°? If the former, about how long will it take to fall/rise? If the latter, what is the <f, 
frequency of small oscillations of the angle about 8 = 45°? 

PcS-Thve,.. 

Question 10: If instead of balancing the child at 45° they wanted to ride at 60°, is it better 
to keep the field vertical or to switch it to horizontal (i.e. which requires smaller B)? 

~1M-\JA -b ~6~ 

~ 
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Summary of Class 20 8.02 

Topics: Magnetic Fields: Creating Magnetic Fields - Ampere's Law 
Related Reading: Course Notes: 9.3-9.4, 9. 10.2, 9.11 .5-9. 11 .8 Col ...... l>s 
Experiments: (8) Mu!!netic Fields G v(/,.~~ 

Topic Introduction 

Today we cover two topics. At first, in experiment #8, we will measure the magnetic fi elds 
created by bar magnets. Then we will di scuss Ampere 's Law, the magnetic equivalent of 
Gauss's Law. 

Ampere's Law 
With electric fi elds we saw that rather than always using Coulomb 's law, which gives a 
completely generic method of obtaining the electri c field from charge distributions, when the 
distributions were highly symmetric it became more convenient to use Gauss's Law to 
calculate electric fields. The same is true of magnetic fi elds - Biot-Savar! does not always 
provide the easiest method of calculating the fi ei([l;;Cases where the current source 'is very -- - -- .~ ... - - . ,'-------_ .. 
symmetric it turns out that Ampere's Law, another of Maxwell 's four equations, can be used, 
greatly simplifYing the task. 

Ampere's law rests on the idea that if you have a curl in a magnetic field (that is, ifit wraps 
around in a circle) the fi eld must be generated by some current source inside that circle (at 
the center of the curl). So, if we walk around a loop and add up the magnetic nerdlleading in 
our direction, then if, when we finish walking around, we have seen a net fi eld wrapping in 
the direction we walked, there must be some current penetratin the loop we just walked 

around. Mathematically this idea is expressed as: ~ B· d s = pol p,"" ",,, , w-here ~ left we 

are integrating the magnetic fi eld as we walk around a closed loop, and on the right we add 
up the total amount of current penetrating the loop. 

~ c- ~ In the example pictured here, a single long wire carri es current (;0 c(;((eAI 

Ollt of Ihe pag~. As we discussed in class, this generates a t1o~ f' f 
magnetic fi eld looping counter-clockwise around it (blue lines). e t iS 

On the fi gure we draw two "Amperian Loops." The first loop ~ 119 
(yelwm has current I penetrating it. The second loop (red) has , r 
no cD~6nt penetrating it. Note that as you walk around the B rlt (~ 
yellow loop the magnetic fi eld_always points in roughl.?' the n 
same direction as the Eath: ~ B · d s * 0 , whereas around the 

red loop sometimes the fi eld points with you, sometimes 

against you: qB.ds =O. 
Vlo (V((('Jr/ Jf\clC6 ~ 

We use Ampere' s law in a very similar way to how we used Gauss's law. For highly 
symmetr ic current di stributions, we know that the produced magnetic fi eld is constant along 
certain paths. For example, in the picture above the magnetic field is constant around any 

Summaty for Class 20 p. 112 



Summary of Class 20 8.02 

blue circle. The integral then becomes simple multiplication along those paths 

( cfs ·ds = B· Path Length) , allowing you to solve for B. 

Solving Problems using Ampere's law 
Ampere's law provides a powerful tool for calculating the magnetic field of current 
distributions that have radial or rectangular symmetry. The following steps are useful when 
applying Ampere's law: 

(I) IdentifY the symmetry associated with the current distribution, and the associated shape 
of "Am'perian.loops" to be used. 

(2) Divide space mto different regions associated with the current distribution, and determine 
the exact Amperian loop to be used for each region. The magnetic field must be constant, 
perpendicular to or known (e.g. zero) along each part of the loop. 

(3) For each region, calculate Ip,"w,,,, the current penetrating th~~lperian loop. 

(4) For each region, calculate the int~graI413. di around the Amperian loop. 

(5) Equate 413 ·ds with floIp""".,,' and solve for the magnetic field in each region. -
Important Equations 
Ampere' s Law: cf B . d s = Jiol p enetrate 

Experiment 8: Magnetic Fields of a Bar Magnet 
Preparation: Read pre-lab 

In this lab you will measure the magnetic field generated by a bar magnet, thus getting a 
feeling for magnetic field lines generated by magnetic dipoles. Recall that as opposed to 
electric fields generated by charges, where the field lines begin and end at those charges, 
fields generated by dipoles have field lines that are closed loops (where part of the loop must 
pass through the dipole). 

- Cctp;cator..l r (IJ.1dv('/o/) (;11.(. OV~5/ ~1 
- DC-!a. l [~;b 

fCieli ~ (Y10- 3 At) ~ c Fie IJ 
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'-- f\Jo e -)1 Af'JPQf( 
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Class 20: Outline 

Hour 1 & 2: 
Ampere's Law 

Last Time: 
Creating Magnetic Fields: 

Biot-Savart 

The Biot-Savart Law 
Current element of length ds carrying current I 
produces a magnetic field: 

~ 1 

dB ,p , , dB = Po 1 cTsxr 
A. 4n- r2 
0; Moving charges are currents too ... 

V ds B = Jlo qvxr 
47X" r2 
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Today: 
3rd Maxwell Equation: 

Ampere's Law 

Analog (in use) to Gauss's Law 

Gauss's Law - The Idea 

The total "flux" of field lines penetrating any of 
these surfaces is the same and depends only 
on the amount of charge inside 

eledcic rie)oI- ~'vl0t (ro"! 
(~O~) 

Ampere's Law: The Idea 

t in order to have 
f a B field around 

~ , a loop, there 

L.)....---' / must be current 
\ '- X / punching TV ..... " ~ through the loop 
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Ampere's Law: The Equation 

The line integral is 
around any closed 
contour bounding an 
open surface s. 

PRS Questions: 
Ampere's Law 

,. , 

r--________ .....,L_J::.~_(,:..=..:,ecJ;~1\ Vvf. d e. v~lk; /I q 
PRS: Ampere's '- t. I ./ 

Integrating B around the loop shown gives us: 

0% 1. a positive number 

0% Q a negative number 

O'~ 3. zero 
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PRS: Ampere's Law 

Integrating B around the loop shown gives us: 

Q% 1. a positive number 

Q% 2. a negative number 

Q% zero 

Biot-Savart vs. Ampere 

Biot- general 

Savart B= /Jo'Jds xi current source 
ex: finite wire 

Law 4;r r 2 wire loop 

, , 
symmetric ! 

Ampere's , current source 
law fii.dS = ,lloI.~ 1 

ex: infinite wire 
I infinite current sheet 

- " 

Applying Ampere's Law 

1. Identify regions in which to calculate B field 
Get B direction by right hand rule 

2. Choose Amperian Loops S: Symmetry 
B is 0 or constant on the loop! 

3. Calculate fii. dS 
4. Calculate current enclosed by loop S 

5. Apply Ampere's Law to solve for B 

fii . as = Jloienc 
"." 
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Always True, 
Occasionally Useful 

Like Gauss's Law, 

Ampere's Law is always true 

However, it is only useful for 
calculation in certain specific 
situations, involving highly 
symmetric currents. 

Here are examples ... 

Example: Infinite Wire 

A cylindrical ccnductor 
has radius R and a 
uniform current density 
with total current I 

Find B everywhere 

Two regions: 
(1) outside wire (r" R) 

L-....;;;;;;;.. ___ ~ (2) inside wire (r < R) 

Ampere's Law Example: 
Infinite Wire 

--I)" ..... ~ 
I \ 

(oj : 
\ I , ,-

.... ... 
~--

Amperian Loop: 

""" 

B is Constant & Parallel 

I Penetrates ",. 

~ A-I"",,..ys r e,. J., <f);v ~o 
Class 20 9f t1- ~e i. 

lo op ~50 ftT~~e C'( '01 

{ tilJ q~ L9\.1lfCr ckJw.:.'R 
i 

k,.. de!,' lef.t (vrl 
l{i;rrlpr d"c~;.) e t 

( VI(el\t f1 0...6 )11 ~o Or OJ-
\ 

P k"rz of lle.5 111, l,dJe. 

5 



Example: Infinite Wire 
Region 1: Outside wire (r ~ R) 

Cylindricat symmetry -7 
Amperian Circle 
B-field counterclockwise 

~B"dS=B~ds =B(2m") 

= J.lol m' = J.I,! 

-.;;..--...1 B = _J.lo_I counterclockwise 
2m" ----......., 

". .. 

Group Problem: Inside 

We just found B(r>R) 

Now you find Bt R) 

Example: Infinite Wire 
Region 2: tnside wire (r < R) 

or \~ O,'l'il 

Class 20 

1~:r ~~+ l5 8"l""fl'] (p" I~ 

h{tJ k 09 J/f.. front. /1,41-

TIt/! [) e"1da) {L 
n&l 6 

'.lb/e d \vo..,ld Iw 
~ 

i4. w~qle 
\ 1ll ~'1-"'{Ie. 

* 



Example: Infinite Wire 

A fJ 

.~ .. ,.-.-. ""'" / 
' , ' :' ,.- R\ " 

:'\, .. _' -..: v~ 

Group Problem: Non-Uniform 
Cylindrical Wire 

A cylindrical conductor 
has radius R and a non
uniform current density 
with total current: 

- R 
J : J o-; 

Find B everywhere 

Applying Ampere's Law 

In Choosing Amperian Loop: 

• Study & Follow Symmetry 

• Determine Field Directions First 

• Think About Where Field is Zero 

• Loop Must 
• Be Parallel to (Constant) Desired Field 
• Be Perpendicular to Unknown Fields 

• Or Be Located in Zero Field 

Class 20 

\ 

'vJl e. , 

1 

Vleeti ~ ~ A j lie I IJ 

) ~v'~p(e 

VI! re r?cf 0 ( >~qIJeJ 
;) co",;jG((ri 
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Other Geometries 

Two Loops Moved Closer 
Together 

".r-~- ~ 
. -"fY- '\ "\ 

\ T. r " // -......-. f-'::r-... . . /.,,'./ 
, ' ....... ~ \ .-

Class 20 8 



Multiple Wire Loops -
Solenoid 

'/ J' I I S> II}~_'( I 

v 

i(V / r~r {vI II'lt11' t; ( Fie, I J. 

r ..(( t \<1 ~ C{lf\Stvi- i~d t-
1 I r. 

VIlt{O(rrt t Illd" I, 
r---------------, - (N(lry; "m~ 'l,v;{t t r v-( 

Vi9t- jTJt. cd /'l\& 01-- 50\0/\0; ir 
Demonstration: 
Long Solenoid 

Class 20 9 



Magnetic Field of Solenoid 

loosely wound tightly wound 

For Ideal solenoid, B is uniform inside & zero outside 

Ma gnetic Field of Ideal Solenoid 
B Using Ampere's law: Think! 

, , 
{ii 1- ds along sides 2 and 4 ' , , , , , 

I I .. ~. "'- - ii = Oalongside3 dJl-sde 
, '1rrrrr - I B·di '" B·di+ B·ds+ B·di+ B·di 

, 1 J} E1 1 } ~ 
. = 1 + 0 , 0+0 

· lJ 0,1 /1. .t Ilk /I>.cd r 
· 1110<; -= nIl n: tum oeoslty 

· x - -· ~B ·ds = Bl = ponll , , , , 
! ~ 

n=N / L : # tumslunit leng1h Is -PolllI - II - ---Po" 
I r.:.~ 

1e~ I p'13"r f )p~~Cr 
5~h ~ IOllj 

rz 
f1\ ~ 1,.,(;7-ex Cqll[i(& 

-J k.1f' 

-no 

@T if£) 
V ® vlkjil' I , 

'JJ c"'" t~I'" J ~ //; 
((["(ie 

l' L :r !e~M of loo{J 

k'l~hf ~ t SO/MaIL{ w cC("\(le 
hi I..,t ( f>1vtY (eo (S Ao,>, I (~~I II , 

Group Problem: Current Sheet se ' J~ = )to J e
_
L 

y 8'1 IA., ( ,Tk LA--
Js(,,"t nf JI~I! ") A sheet of current (infinite -

in the y & z directions, of /' 
, 0 

---J~ g · J · thickness 2d in the x 0,,1 7 iL • G~ direction) carries a { ~idt & -:; vM \f cL ,/, ~ }-
~ 

uniform current density: 
f} c 

x r i=Jk "" . , I jJ.i,heb) 

n ' . 1 , 

B ~ I:L ;[.5 1 I't'lJ( Find B for x " 0 Ills/de 
~ v C' 
_1(/ .... -

o 

;; 0 --
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Ampere's Law: 
Infinite Current Sheet 

~ ~ f 
I •••••••• J ..... - 
I 

B is Constant & Parallel OR Perpendicular OR Zero 

I Penetrates 

Solenoid is Two Current Sheets 
B Field outside current sheet , , 

: : should be half of solenoid, , , , , 
:~ with the substitution: · · 19 k~nI =2dJ • · · x 

· x 

· This is current per unit length · · x (equivalent of A, but we don't 
• x have a symbol for it) • 
" , , t : 

~ ~ ~~ 

! - " 

Ampere's Law:_1n. as = /-Lo!e"c 

I-
Long , ... ... ~ ~ , J - .. " 

Ci.r .' ., 
Symmetry \ ; - '" 

Solenoid 

= 
2 Current 
sn.ets -

1---- B --, 

(Infinite) Current Sheet 

• • • II .. _ .. 

"0'" ~ ~ J II 
II, .. II 

II _ ... ill 

•• • 
Torus 

I) I' 
illto..,r (limA 

Class 20 ~ 0 lenti d fA t~ j 011e , 
VSe d (or ;" a,vvf\90 
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Brief Review Thus Far ... 

Maxwell's Equations (So Far) 

Gauss's Law: 

Electric charges make diverging Electric Fields 

Magnetic Gauss's Law: [jf ii· dA = 0 ,. 
No Magnetic MonoRol~! (No diverging B Fields) 

Ampere's Law: di ii .ds=,u,I= 
c 

Currents make C.!!fling Magnetic .E!.elds 

Class 20 

E-- ~v't ,,"i d ~{£o<!re J 
bet for ,,~ 
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics 

8.02 Spring 2010 
Problem Set 7 

Due: Tuesday, March 30 at 9 pm. 

Hand in your problem set in your section slot in the boxes outside the door of 32-
082. Make sure you clearly write your name and section on your problem set. 

Text: Liao, Dourmashkin, Belcher; Introduction to E & M MIT 8.02 Course Notes. 

Week Seven Magnetic Fields 

Class 17 W07D I Mrr Mar 15116 

Read ing: 
Experiment: 

Class 18 W07D2 W/R Mar 17118 

Reading: 

Experiment: 

Class 19 W07D3 F Mar 19 
Force 
Reading: 

Week Eight Spring Break 

Magnetic Fie lds; Magnetic Forces, Expt. 5: Bar 
Magnet 
Course Notes: Chapter 8. 1-8.3, 8.5-8.6, 8.8-8.9, 9.5 
Ewl. 5: Bar Magnct 

Creat ing Fie lds: Biot-Savart Law, Currents & 
Dipoles; Ex pt. 6: Torque on Dipole 
Course Notes: Sect ions 8.3-8.4, 9. 1-9.2, 9.10. 1, 
9. 11.1-9. 11 .4 
Expt. 6: To rquc on Dipole 

PS06: Calculat in g Magnet ic Fields and Magnetic 

Course Notes: Sect ions 8.8-8-,9, 9.1 0. 1, 9. 11.1-
9. 11 .4 

Week Nine Magnetic Fields; Exam 2 

Class 20 W09D I Mrr Mar 29/30 
Reading: 

Creating Fields: Ampere's Law 
Course Notes: 9.3-9.4, 9. 10.2, 9. 11.5-9. 11.8 

Class 2 1 W09D2 W /R Mar 3 1/Apr I PS07: Ampere' s Law; Exam 2 Rev iew 
Reading: Course Notes: 9.3-9.4 , 9. 10.2, 9. 11.5-9. 11.8 

Exam 2 Thursday April 1 7:30 pm -9:30 pm 

W09D3 F Ap r 2 No c lass day after exam 
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Problem I: Short Questions 

(a) Can a constanl magnetic fi e ld set into moti on an e lectron which is initially at rest? 
Ex plai n your answer. 

(b) Is it poss ible for a constant magneti c fi e ld to a lter the speed o f a charged parti cle? 
What is the ro le o f a magnetic fi e ld in a cyc lotron? 

(c) How can a current loop be used to determine the presence of a magnetic fi e ld in a 
given reg ion of space? 

(d) I f a charged particle is mov ing in a strai ght li ne through some region of space, can 
you conclude that the magnetic fi e ld in that reg ion is zero? Why or why not? 

(e) Li st some s imilarities and d ifferences between electric and mag netic forces. 

Problem 2: Helmholtz Coil 

The magnitude of th e component of a magneti c fi e ld along the axis of a co il w ith N 
turn s to be given by: 

N Po I R' 
Brmal = 2 (Z 2 + R2 ) 3/ 2 

where z is measu red from the center of the co il. 

R 
R 

As pictured at left, a Helmho ltz co il is created by plac ing two 
such co ils (each of rad ius Rand N turn s) a di stance R apart. 

(a) If the current in the two co ils is paralle l (Helmholtz 
configuration), what is the magnitude of the magnetic fi e ld at 
the center of the apparatus (midway between the two co il s)? 
How does this compare to the field strength at the center of the 
s ingle coil con fi guration (e.g. what is the ratio)? 

(b) In the anti-I-Ie lmholtz configuration the current in the two coils is anti-parallel. What 
is fi e ld strength at the center of the apparatus in this s ituat ion? 

(c) Consider co il s that have a radius R = 7 cm and N = 168 turn s. Suppose 1= 0.6 A runs 
in the s in gle co il and 0.3 A runs in each in He lmholtz and ant i-Hel mholtz mode. What, 
approx imately, are the largest on-ax is fi e ld s we should expect in these three 
configurations? Where (approx imately) are the fi elds the strongest? 
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Problem 3 : Particle Orbits ill a Uniform Magnetic Field T he entire x-y plane to the 
ri ght of the ori gin 0 is fill ed with a uni fo rm magneti c fi e ld of magnitude B po inting out 
o f the page, as shown. Two cha rged pa rt ic les trave l a lo ng the negati ve x ax is in the 
pos iti ve x direction, each w ith ve loc ity ii, and enter the magnetic fi e ld at the ori g in O. 

T he two parti cles have the sa me mass 11/, but have diffe rent charges, q, and q, . When in 

th e magnetic fi e ld, the ir trajectori es both curve in the same d irection (see sketch), but 
desc ri be semi-circ les with di fferent rad ii . The rad ius of the semi-c ircl e traced out by 
particle 2 is exact ly twice as big as the rad ius of the se mi-c ircle traced out by particle I. 

Two charg es Y 
each wilh 

B out of pape r 

8888 8 
s pee d V 0 8 8 8 8 8 

~~--~=--------7 
888 

0_--+---8 8 8 8 
88888 

x 

(a) Are the charges of these parti c les pos iti ve or negati ve? Exp la in your 
reasoning. 

(b) What is the rat io q, I q, ? 
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Problem 4 Mass Spectrometer Shown be low are the essentia ls of a commerc ia l mass 
spectrometer. T his dev ice is used to measure the compos ition o f gas samples, by 
measurin g the abundance of spec ies of different masses . An ion of mass III and charge 
q = +e is produced in source S , a chamber in which a gas di scharge is taking place. The 

initi a lly stationary ion leaves S , is acce lerated by a potenti al di fference L'. V > 0 , and then 

ente rs a se lector chamber, S" in which th ere is an adjustable magneti c fi e ld Bf' po inting 

out of the page and a de fl ectin g e lectric fi e ld E, pointing from pos iti ve to negati ve pl ate. 

O nly partic les of a uniform ve locity v leave the selector. The emerg ing particles at S" 

enter a second magnetic fi eld B 2' a lso pointing out of the page. T he p3lti cle th en moves 

in a semi c ircle, striking an electronic sensor at a di stance x from the entry s lit. Ex press 

yo ur answers to the questions be low in terms o f E " lEI, e , x , m , B, "IB,I, and L'. V . 

a) Wh at magnetic fi eld B, III the selector chamber IS needed to IIl sure that the 

particle travels straight through? 

b) Find an expression for the lIlass of the parti cle after it has hit the electronic se nsor 
at a distance x from the entry slit 
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... - -
eo--

\ 

Problem 5: Particle Trajectory A particle of charge -e is mov ing w ith an initia l 
ve loc ity v when it ente rs mi dway between two plates ,,,here there exists a uni form 
magnetic fi e ld poi nting into the page, as shown in the fi gure be low. You may ignore 
effects of the grav itati ona l fo rce . 

f- -l 
~ 

x x x x x x x • 
x x x x x x x I 

G- x x x x x x x 
d __ x x x x x X x 

v 
I x x x x x x x 

~ x x x x x x " ""' 
(a) Is the trajectory o f the partic le de fl ected upward or downward? 

(b) What is the magni tude of the ve loc ity of th e part ic le if it just stri kes the end o f the 
pl ate? 

Problem 6: Levitating Wire A copper wire of d iameter d carri es a current dens ity j at 
the ea rth ' s equator where the earth ·s magnetic fi e ld is horizonta l, po ints north , and has 

magni tude IB"",,,1 = 0.5x I0-l T . The wire li es in a plane that is pa rall el to th e surface of 

the earth and is ori ented in th e east-west d irecti on. T he dens ity of copper is 

Pc" = 8.9 x I 03 kg· m·3 
. T he res ist ivity of copper is p, = I. 7 x 10-8 Q. m . 

a) How large must J be, and which directi on must it fl ow in order to lev itate the 

wire? Use g = 9.8 m · s·' 

b) When the wire is fl oating how much power will be d iss ipated per cubic 
centimeter? 

Problem 7: Torque 011 Circular Current Loop 

A wire rin g ly ing in the xy-plane w ith its center at 
the orig in carr ies a counterclockwise current 1. There 

is a uni fo rm magnetic fi e ld B = Bi in the +x
direction. The magnetic moment vector Ii is 

perpendicul ar to the plane o f the loop and has 
magnitude Jl = fA and th e d irec ti on is give n by 

right-hand-rule with respect to the direction of the 
current. What is the torque on the loop? 

!. 
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Problem 8: Magnet ic Fields Fi nd th e magnet ic field at point P due to the following 
current distributions: 

(a) (b) 

I ! i 
L , H>\ 
, , 

p~:~------ \ 
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8.02 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics 

Problem Set 7 Solutions 

Problem 1: Short Questions 

Spring 2010 

(a) Can a constant magnetic fi e ld set into motion an electron which is initia lly at rest? 
Explain your answer. 

Solution: No. Changing the velocity of a particle requires an acce lerating force . The 
magnetic force is proportional to the speed o f the particle . If the particle is not mov ing, 
there can be no magnetic force on it. 

(b) Is it possible fo r a constant magnetic fie ld to a lter the speed o f a charged particle? 
What is the role of a magnetic fi eld in a cyclotron? 

Solution: No, it is not poss ible. Because F" = q (v x B) , the acceleration produced by a 

magnetic fie ld on a particle of mass III is a" =2. (v xB). For the acceleration to change 
III 

the speed, a component of the acceleration must be in the direction of the veloc ity. The 
cross product tell s us that the acce leration must be perpend icular to the velocity, and thus 
can only change the direction of the ve loc ity. 

The magnetic fi e ld in a cyclotron essentially keeps the charged particle in the electric 
fi e ld for a longer period of time, and thus experiencing a larger change in speed from the 
electric fi e ld, by forcing it in a spira l path. Without the magnetic field , the part ic le would 
have to move in a straight line through an electric fie ld over a distance that is very large 
compared to the size of the cyc lotron. 

(c) How can a current loop be used to determine the presence of a magnetic field in a 
given region of space? 

Solution: If the current loop fee ls a torque, it must be caused by a magnetic fi e ld . If the 
current loop fee ls no torque, try a different orientation- the torque is zero if the fi eld is 
along the axis of the loop. 

(d) If a charged particle is mov ing in a stra ight line through some region of space, can 
you conclude that the magnetic fie ld in that region is zero? Why or why not? 

PS07- 1 



Solution: Not necessarily. If the magnetic field is parallel or anti-parallel to the velocity 
o f the charged particle, then the particle will experience no magneti c force . There may 

also be an electric force acting on the particle such that Ii. = q (E + v'I X Ii) = 0 . 

(e) List some similarities and differences between e lectric and magnetic forces . 

Solution: 

Similarities : 

I. Both can accelerate a charged particle mov ing through the field. 

2 . Both exert forces directly proportional to the charge of the particle fee ling the force. 

Differences: 

I. The direction of the electric force is parallel or anti-parallel to the direction of the 
electric field, but the directi on of the magnetic force is perpendicular to the magnetic 
field and to the velocity of the charged particle. 

2. Electric forces can accelerate a charged particle from rest or stop a moving particle, 
but magnetic forces cannot. 

Problem 2: Helmholtz Coil 

The magnitude of the component of a magnetic field along the axis of a coil with N 
turns to be given by: 

N Po I R' 
Bfl.liul = 2 ---00,---0-, 7,,"'", 

(z- + R-Y 
where z is measured from the center of the co il. 

R 
R 

As pictured at left, a Helmholtz coil is created by placing two 
such coi ls (each of radius Rand N turns) a distance R apart. 

(a) If the current in the two coils is parallel (Helmholtz 
configuration), what is the magnitude of the magnetic field at 
the center of the apparatus (midway between the two coils)? 
How does this compare to the field strength at th e center of the 
s ingle coil configuration (e.g. what is the ratio)? 

Solution: We use superposition principle to determine the magnetic field due to the two 
coils. We are the same di stance z = RI2 from each coil and since the currents are parallel 
they both create a field in the same direction (for example, if both currents are counter-
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clockwise they both create an upward magnetic fi e ld at the midpoint). The magnitude 
then is just twice that of a s ingle coil: 

B = 2 x N Jl,J R' I 
2 ((R/ 2)' +R' )312 R ((1/2)' + I)'" 

Comparing this to the fi e ld strength at the center of a sing le coil: 

We find that the field of a Helmholtz co il is slightly larger: 

B,o'''",ho'" = ( S rv. 1'0 J )/( N 1'0 J ) = ~ '" I .4 
B . 5'/' R 2R 53

/' 
Sgl Co!! 

SN 1'0 J 
53/' R 

(b) In the anti-Helmholtz configuration the current in the two coils is anti-paralle l. What 
is fi eld strength at the center of the apparatus in this situation? 

Solution: In this case the fi e lds from the two co ils are in opposite directions so they 
cancel each other out. That is, B = O. 

(c) Consider co ils that have a radius R = 7 cm and N = 168 turns. Suppose J = 0.6 A runs 
in the single co il and 0.3 A runs in each in Helmholtz and anti-Helmholtz mode. What, 
approx imately, are the largest on-ax is fi elds we should expect in these three 
configurations? Where (approximately) are the fields the strongest? 

Solution: For a s ingle co il the maximum is at the center of the co il, for a Helmholtz at 
the center: 

B
m

" _ (16S)(4rc x I0-
7 

T m/ A)(0.6 A) 

,,'wil - 2(7 x 10 2 m) 
9.0 x 10-' T = 9.0 Gauss; 

mo< 16 4 - G 6-G 
BHelmhohz ::: ~ J/2 ' .) auss ::: .) auss 

) 
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P roblem 3: Particle Orbits ill a Uniform Magnetic Field The entire x-y plane to the 
right of the origin 0 is fill ed with a uni fo rm magnetic fi eld of magnitude B pointing out 
o f the page, as shown. Two charged particles trave l a long the negative x ax is in the 
pos itive x d irecti on, each with veloc ity v, and enter the magnetic fi e ld at the origin O. 
The two part icles have the same mass 11/ , but have d iffe rent charges, q, and q, . When in 

the magnetic field , their trajectories both curve in the same direction (see sketch), but 
describe semi-c irc les with different radii . The radius of the semi-circle traced out by 
part icle 2 is exactly twice as big as the radius of the semi-c irc le traced out by particle I. 

Two charges 
y B out of pape r 

88888 
each wilh 
spee d V 0 88888 

X 
888 

0 8 888 
8 0 888 

CD 8 888 
88888 

(a) Are the charges o f these part icles pos iti ve or negative? Explain your 
reasomng. 

Solution: Because FB = qvx B, the charges o f these particles are POSITIVE. 

(b) What is the ratio q, / q, ? 

Solu tion: We first find an express ion for the rad ius R of the semi-c ircle traced out by a 

particle with charge q in terms of q, v '" lvi, B , and 11/ . The magnitude of the force on 

the charged particle is qvB and the magnitude o f the acce lerat ion for the circular orbit is 

v' / R. Therefore app lying Newton's Second Law yields 

B 
IJl V 2 

qv =-- . 
R 

We can so lve this for the radius of the circular orbit 

Therefore the charged ratio 

R = III V 

qB 
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Problem 4 Mass Spectrometer Shown below are the essentials of a commercial mass 
spectrometer. This dev ice is used to measure the composition o f gas samples, by 
measuring the abundance of species of different masses. An ion o f mass 111 and charge 
q = +e is produced in source S , a chamber in which a gas discharge is taking place . The 

initially stationary ion leaves S, is acce lerated by a potential difference l!.V > 0 , and then 

enters a selector chamber, S" in which there is an adjustable magnetic fi eld SI' po inting 

out of the page and a deflecting e lectric field E, pointing from positive to negative plate. 

Only particles of a uniform velocity v leave the selector. The emerging particles at S" 

enter a second magnetic field S,' also pointing out of the page . The particle then moves 

in a semicircle, striking an electronic sensor at a di stance x from the entry s lit. Express 

your answers to the questions below in terms of E '" lEI , e, x , /II , B, '" IS,I, and l!.V. 

a) What magnetic field B J In the se lector chamber is needed to In sure that the 

particle travels straight through? 

Solution: We first find an express ion for the speed of the particle after it is accelerated by 
the potential difference l!. V, in terms of /II , e , and l!.V. The change in kinetic energy is 

M = (I / 2)/IIv' . The change in potential energy is l!.U = -el!.V From conservation of 

energy, M = -l!.U , we have that 

So the speed is 

(I / 2)mv' = el!. V . 

V= J2el!.V 
fit 

In side the se lector the force on the charge is given by 

F, =e(E +vxS,). 
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If the particle travel s straight through the se lector then force on the charge is zero, 
therefore 

E=-v xB,. 

Since the velocity is to the right in the figure above (define this as the + i direction), the 

electric field points up (define this as the + j direction) from the positive plate to the 

negative plate, and the magnetic field is pointing out of the page (define this as the +k 
direction). Then 

So 

" " " " 
Ej = -vi x B,k = vB,j . 

- E· £bll . B, =- k = - -Ek 
v 2eL'>V 

b) Find an expression for the mass of the particle after it has hit the electronic sensor 
at a distance x from the entry slit 

Solution: The force on the charge when it enters the magnetic field B, is g iven by 

F, = evi x B,k = -evB,] . 

This force points downward and forces the charge to start circu lar motion. You can verify 
this because the magnetic field only changes the direction of the velocity of the particle 
and not its magnitude which is the cond ition for circular motion. When in circular motion 
the acceleration is towards the center. In particu lar when the particle just enters the fi eld 

B" the acce leration is downward 

Newton's Second Law becomes 

, 
V • 

a=--- j. 
xl2 

" v2 
'" 

-evB, j = - m--j. 
- xl2 

Thus the particle hits the electronic sensor at a di stance 

2111v 2 ~ x = --= - 2eL'>VIII 
eB, eB, 

from the entry s lit. The mass of the particle is then 

eB./x2 

m =---- . 
8L'>V 
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Problem 5: Particle Trajectory A particle of charge -e is moving with an initial 
velocity v when it enters midway between two plates where there exists a uniform 
magnetic fi eld pointing into the page, as shown in the figure below. You may ignore 
effects of the gravitational force. 

1-1·--- I ---1·1 
x x x x x 
x x x x x x x x x T 

E>---x x x x x x x d 
- XXXXXXX

1 V X XXXXXX 

x x x x x x x 

(a) Is the trajectory of th e particle deflected upward or downward? 

(b) What is the magnitude of the veloc ity of the particle if it just strikes the end of the 
plate? 

Solution: Choose unit vectors as shown in the fi gure. 

R..-L 
:f. 

The force on the particle is g iven by 

F =-e(v ixB]) =-evBk. 

A 

I.. 

so the direction of the force is downward. Remember that when a charged particle moves 
through a uniform magnet ic field , the magnetic force on the charged particle on ly 
changes the direction of the velocity hence leaves the speed unchanged so the parti c le 
undergoes c ircular motion. Therefore we can use Newton's second law in the form 

v' 
evE = 111 - . 

R 
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The speed of the particle is then 

eBR 
V = - -. 

111 

In order to determine the radius of the orbit we note that the particle just hits the end of 
the plate. From the figure above, by the Pythagorean theorem, we have that 

R' = (R-d 12)' + /'. 

Expanding the above equation yields 

R' = R' - Rd + d' 14 + /' 

which we can so lve for the radius of the circular orbit: 

d / ' 
R=-+-

4 d 

We can now substitute the our result for the radius into our expression for the speed and 
find the speed necessary for the particle to just hit the end of the plate: 
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Problem 6: Levitating Wire A copper wire of diameter d carries a current density J at 
the earth 's equator where the earth's magnetic field is horizontal, points north , and has 

magnitude IR,""" I = 0.5 x 104 T. The wire lies in a plane that is parallel to the surface of 

the earth and is or iented in the east-west direction. The density of copper is 

Pc., = 8.9 x 10' kg· m·' . The resistivity of copper is P, = 1.7 x 10-8 
Q. m . 

a) How large must J be, and which directi on must it flow in order to levitate the 

wire? Use g = 9.8m·s·2 

b) When the wi re is floating how much power will be dissipated per cubic 
centimeter? 

Solution: At the equator, the magnetic field is pointing north. Choose unit vectors such 

that; points east, j po ints north, and k po ints up. Let J = J , i (with the s ign of J , to 

be determined), H ClIfl1l = Be(m" J . . 

Then the magnetic force elF",," on the a small vo lume of wi re dV,.o' is 

In order to balance the grav itational force this must point upwards hence J , > 0 ; the 

current flows from west to east in the wire. The total force on the small element of the 
wire is zero so 

Ii = ctF +ctF = p dV g(- k) +J B dV k gm\' mag ell 1'0 1 .J /'arth \'01 . 

We can so lve the above equation for Jx : 
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J = pc"g 
x B 

carlh 

J = (8.9 x IO' kg·m")(9.8m·s") I.74 x l0' A.m" 
., (0.5 x 1 0-' T) 

(b) Let A = Jr(d /2) ' denote the cross-sectional area of the wire. The power diss ipated per 

vo lume dV,.", = Ad! where d! is a unit length of wire is given by 

P [' R 
--=--

Let The current that flows in the w ire is given by is given by 1 = J , A . The resistance per 

unit length d! is g iven by R = p,d! / A . So the above equation becomes 

~_ (J, A)' (p,d! / A) _ J ' 
dV - Ad! - p" 

1'0/ 

= (I.7 x lO-s Q.m)(1.74xl0' A·m")' . 

= (5 .2 x I01O W.m") 

= 50kW·cm" 

The wire will get very hot! 
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Problem 7: Torque on Circular Current Loop 

A w ire ring lyin g in the xy-plane with its center at 
the origin carries a counterclockwise curren t 1. There 

is a uniform magnetic fi eld B; Bi in the +x
direction. The magnetic moment vector ii is 

perpendicular to the plane of the loop and has 
magnitude J1; IA and the direction is gi ven by 

right-hand-rule with respect to the direction of the 
current. What is the torque on the loop? 

y 

Solution: The torque on a current loop in a uniform field is given by 

T ; ii x B , 

where Jl; fA and the vector ii is perpendicular to the plane of the loop and right-handed 

with respect to the direction of current flow. The magnetic dipole moment is given by 

Therefore, 

T;ii x B ; 7T IR-k X Bi ;7TJR-Bj. - ( " ) ( ') " 

Instead of using the above formula, we can calculate the torque directly as follows . 
Choose a small section of the loop of length ds ; RdB . Then the vector describing th e 
current-carry ing e lement is given by 

, , 
Ids; IRdB(- sin B i + cosB j) 

The force elF that acts on this current element is 

, , , 
; I RdB(- sin B i +cosB j) x (Bi) 

; -IRB cosBdB k 

The force acting on the loop can be found by integrating the above expression. 

F; ljelF ; r (- IRB cosB)dB k 

; - IRB[sin Bl:' k ; 0 
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We expect this because the magnetic fie ld is uni fo rm and the force ona current loop in a 
uni form magnetic fi e ld is zero. Thereforc we can choose any po int to calculate the torque 
about. Let r be the vector from the center of the loop to the element Ids. That is, 

r = R (cosei + sin ej). The torque cIT = r x (Iii acting on the current element is then 

cIT = r xdF 

= R( cose i +sin e}) x( ~IRBde coSe k) 

= - IR' Bdecose ( sin e i -cose 1) 

Integrate cIT over the loop to find the tota l torque T. 

T=c.fcIT 

= r - fR'Bdecose (sin ei-cose }) 

=- fR'B r (sin ecose i - cos' e })de 

=;rIR'B} 

This agrees with our result abovc. 
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Problem 8: Magnetic Fields Find the magnetic fi eld at point P due to the following 
current distributions: 

(a) (b) 
y 

I 

~I 

~/\, 
po: --- --- - -

~ 
( It( (f 

---'-----'-----+"'-- --'--- ----'--x 
p 

Solution: 
(a) The fields due to the stra ight wire segments a re zero at P because ds and rare 

parallel or anti-paralle l. For the field due to the arc segment, the magn itude of the 
magnet ic field due to a differential current carryi ng e lement is given in this case by 

clB = JioJ ds x r = 110 JRdB(sinBi-cosB j) x (-cosBi-sinB]) 
4ff R' 4ff R' 

=_Jio J( sin ' B+cos' B)dB k =_.&. JdB I.. 
4ff R 4ff R 

Therefore, 

B = - r :;~ dB k = - :;~ (;) 1.. = -( ~~)k (or, into the page). 

(b) There is no magnetic fi eld due to the straight segments because point P is along the 

lines. Using the genera l express ion for dB obta ined in (a), for the outer segment, we have 

Similarly, the contribution to the magnetic field from the inner segment is 

Therefore the net magneti c fi e ld at Poi nt Pis 

Bo" = B"" + Bi" = _ _ 0_ - - - k (into the page s ince a < b). - - - JLi (1 1)-
4 a b 
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Summary of Class 21 Exam 2 Information 

TEST TWO Thursday Evening April 1 7:30- 9:30 pm. The Friday class 
immediately following is canceled because of the evening exam. 

What We Expect From You On The Exam 

. I. An understanding of capacitors, including the effects of dielectrics on them. 

2. An understanding of current flow in a resistive material, e.g. how J is related to J, 
how E is related to J, how resistance is related to resistivity, and how to calculate it. 

3. An understanding of simple circuits. For example, you should be able to set up the 
equations for multi-loop circuits, using Kirchhoff's Laws. You should be able to derive 
and guess the solution to differential equations for RC circuits, and should understand the 
meaning of time constants (-r = RC). 

4. An understanding of how to calculate the magnetic fields of moving charges or 
current elements using the Biot-Savart law, e.g. 

5. 
- f.J Jdsxr 

dB=-' --,,--
4Jr ,. ' 

6. An understanding of how to calculate the force on a current element in an external 
magnetic field or on a charged particle moving in an external magnetic field or in both 
magnetic and electric fields, including the characteristics of cyclotron motion. That is, to 
understand and be able to apply the equations 

qvxB = rna dF=IdSxB 

7. An understanding of the magnetic moment vector ofa current loop. A conceptual 
understanding of how the torque exerted on a magnetic dipole in an external field arises, 

and how to derive the expression for this torque (or = ii x B). Also, a conceptual 

understanding of how the force exerted on a magnetic dipole in a non-uniform external 
magnetic field arises. 

8. To be able to answer qualitative conceptual questions that require no calculation. 
These will be concept questions similar to those in lecture, where you will be asked to 
make a choice out of a multiple set of choices. 

To study for this exam we suggest that you review your problem sets, in-class 
problems, Friday problem solving sessions, PRS in-class questions, and relevant 
parts of the study guide and class notes. 

Summary of Class 21 



Class 21: Outline 

Hour 1: Ampere's Law Problem 
Solving 

Hour 2: Concept Review I 
Overview 

PRS Questions - possible exam 
questions 

Exam Thursday 7:30·9:30 pm 

Exam 2 Topics 
Conductors 

Capacitance 

DC Circuits 

Magnetic Fields .. . 
Generating Magnetic Fields 

8 ' & ('Ill e ""~ 
Feellng Magnetic Fields 

Moving Charges (Lorentz Force) 
On Di ales Force & To ue 

General Exam Suggestions 
• You should be able to complete every problem 

• If you are confused, ask 

~"I 

1':" 1 

• If it seems too hard, you aren't thinking enough 

• Look for hints in other problems 
• If you are doing math, you're doing too much 

Read directions completely (before & after) 

• Write down what you know before starting 

• Draw pictures, define (label) variables 

• Make sure that unknowns drop out of solution 

• Don't forget unitsl 

Class 21 1 



What You Should Study 

Review Friday Problem Solving (& Solutions) 

Review In Class Problems (& Solutions) 

Review PRS Questions (& Solutions) 

Review Problem Sets (& Solutions) 

Review PowerPoint Presentations 
Review Relevant Parts of Study Guide 

(& Included Examples) 

Do Sample Exams (online under Exam Prep) 

Conductors in Equilibrium 

Conductors are equipotential objects: 
1) E = 0 inside 

2) E perpendicular to surface \\lI/" 
3) Net charge inside is 0 - . c_ 

............. '--4) Excess charge on surface ",. '-

Pl" • 

E - (Y ......... ~. ':::::' ~ 
:::::~. .:::r 

- Go -. .- .... 
5) Shielding - inside doesn't 

"talk" to outside 

--:+ _ t-" 

PRS Questions: 
Conductors 

Class 21 2 



PRS: Point Charge in Conductor 

A point charge +0 is placed 
inside a neutral , hollow, 
spherical conductor. As the 
charge is moved around 
inside, the electric field 
outside 
0% 1. is zero and does not change 

O'~ 2. is non-zero but does not change 

O'~ 3. is zero when centered but changes 

0% 4. is non-zero and changes -0% 5. I don't know 

PRS Answer: Q in Conductor 

Answer: 2. is non-zero but 
does not change 

E = 0 in conductor -7 -Q on inner surface 
Charge conserved -7 +Q on outer surface 
E = 0 in conductor -7 No "communication" 

"" ., 

between --Q & +0 -7 + 0 uniformly distributed." ., 

Class 21 

PRS Setup 

What happens if we 
put Q in the center of 
these nested 
(concentric) spherical 
conductors? 
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~ 0 II PRS: Hollow Conductors 

A point charge +0 is placed 
at the center of the 
conductors. The induced 
charges are: 

0 % (1) 0(11) = 0(12) = -0; 0(01) = 0(02)= +0 g 
0 % 2. 0(11) = 0(12) = +0; 0(01) = 0 (02)= -0 
0 % 3. 0(11) = -0; 0(01) = +0; 0(12) = 0(02)= 0 
0'_ 4. 0(11) = -0; 0(02)= +0; 0 (01) = 0(12)= 0 

PRS Answer: Hollow Conductors 

Answer: 1. The inner faces 
are negative, the outer faces 
are positive. 

LooKing in from each conductor, the total 
charge must be zero (this gives the inner 
surfaces as -0): But the conductors must 
remain neutral (which makes the outer surfaces 
have induced charge +0). 

PRS: Hollow Conductors 

A point charge +0 is placed 
at the center of the 
conductors. The potential at 
01 is: 

0% 1. Higher than at 11 
0% 2. Lower than at 11 

o·~ (:) The same as at 11 ::!.J 

I'2I Il 

Ne~J ~ l.flO ~ r.d- vl II c{}~Cf} es 
1-9 IV!> 

-A f ie IJ C,l' . .It , I~ , 
() 1-:3 I I - rL rAre t1.. 11 1 Ie d 

Iv; 11'1 
--.J 

Fro,,! C+2 c\ ~ d .ll--Jt r; 
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PRS Answer: Hollow Conductors 

Answer: 3. 01 and 11 are at 
the same potential 

A conductor is an equipotential surface. 01 
and 11 are on the same conductor, hence at the 
same potential 

PRS: Hollow Conductors 

A point charge +Q is placed 
at the center of the 
conductors. The potential at 
02 is: 

0% 1. Higher than at 11 

O'~ 2. Lower than at 11 

o~. 3. The same as at 11 

!'.elU 

'!:1". 

PRS Answer: Hollow Conductors 

Answer: 2. 02 is lower than 11 

v 

'--___ --"--"C¥i 
r 

As you move away from the positive point 
charge at the center, the potential decreases. 

Class 21 
; ~ h. >~.d l c QI\S l u ~ r 
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Cak V (bJ (10111. ~ 

@--

(Q ;J( ~'1l7 (ro," 7 () 2 T v I..j;/( /\li d /D J 5 

~ fo',~ 1- (~,rj(' ' <l·u, oJ (o"d".i r) 



PRS: Hollow Conductors 

A point charge +0 is placed J 
at the center of the 
conductors. If a wire is used 
to connect the two 
conductors, then current 
(positive charge) will flow 

0% 1. from the inner to the outer conductor 

0% 2. from the outer to the inner conductor 

0% 3. not at all 

11"/0 G> %d\J V-<;(~1- t-. CScu.pe at fa l l 
CIrt~1tJ;@ 

PRS Answer: Hollow Conductors 

Answer: 1. Current flows outward 

Positive charges always flow 'downhill" - from 
high to low potential. Since the inner conductor 
is at a higher potential the charges will flow from 
the inner to the outer conductor. 

PRS: Hollow Conductors 
You connect the ·charge sensor's~ 

red lead to the Inner conductor and 
black lead to the outer conductor. 
What does" actually measure? .io 

0% 1. Charge on 11 ... 2 . Charge on 01 
0% 3. Charge on 12 
0% 4. Charge on 0 2 
0% 5. Charge on 01 - Charge on 12 
0% 6. Average charge on inner - ave. on outer 
0% 7. Potential difference between outer & inner .... 8. 1 don't know "' .. 

Class 21 
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PRS Answer: Hollow Conductors 

Answer: 7. "Charge Sensor" 
measures potential difference 
between outer & inner conductor 

So what is the "charge axis?" From the 
capacitance and potential difference it can 
calculate Q = CtN which is charge on 01 and 
negative charge on 12 

Capacitors 
Ca);!3citance To calculate: 

C=~ 
1) Put on arbitrary ±Q 

2) Calculate E 

I~VI 3) Calculate tN 

In Series & Parallel 

1 1 1 
C eq,parall el = C1 + C2 =-+ -

C eq,&erieS C, C, 
Ene"'Y 

Q' I 1, I<X E' 
U = 2C = Z-Qj~Vl = Z- cJavl-= fffuE d'r = JIJ~3r 

P::I_ loJ 

PRS Questions: 
Capacitors 

Class 21 

r r-

lJl\e,;P ,~ c;>l€'?::- v'1e~1\. {k~'1e 
J :~'-r'(bv~ IO /\ 

~~,J I'@ ) 'V. 
'-./ 

( kQ~ _ [) kQ. , \, (IY"!" \A l 
7- r 

I 
\/0 7~ 

7 



PRS: Changing Dimensions~ 
A parallel-plate capacitor has plates with equal and opposite . 
charges :ta, separated by a distance d, and is not connected 10 
a battery. The plates are pulled apart to a distance 0 > d. What 
happens? 

IW. 1. V Increases, Q increases 
IW. 2. V decreases, Q increases 
0% 3. V is the same, Q increases 

0% 4. V increases,Q Is the same 

0% 5. V decreases. Q is thesame 

0% 6. V is the same, Q is the same 

0% 7. V increases, Q decreases 

0% 8. V decreases, a decreases 

0% 9. V is the same,a decreases WI U 

PRS Answer: Changing Dimensions 

Answer: 4. V increases, Q is the same 

With no battery connected to the plates the 
charge on them has no possibility of 
changing. 

In this situation, the electric field doesn't 
change when you change the distance 
between the plates, so: 

V=Ed 
As d increases, V increases. 

li@] PRS: Changing Dimensions 

"". 

A parallel-plate capacitor has plates with equal and opposite 
charges :to, separated by a distance d, and is connected to a 
battery. The plates are pulled apart to a distance D> d. What 
happens? 

0% 1. V increases. Q Increases 

0% 2. V decreases, a increases 

0% 3. V Is the same, a increases 

0% 4. V Increases. Q is the same 

0% 5. V decreases, Q is the same 

0% 6. V is the same, a is the same 

0% 7. V increases, Q decreases 

0% 8. V decreases, Q decreases 
0'1. Q \fI' In , Q ~, . 

Class 21 8 



PRS Answer: Changing Dimensions 

Answer: 9. V is the same, Q decreases 

With a battery connected to the plates the 
potential V between them is held constant 

In this situation, since 

V=Ed 

As d increases, E must decrease. 

Since the electric field is proportional to the 
charge on the plates, Q must decrease as 
well. 

PRS: Changing Dimensions 

A parallel-plate capacitor, disconnected from a ~ 
battery, has plates with equal and opposite 0 
charges, separated by a distance d. 
Suppose the plates are pulled apart until separa ed 
by a distance 0 > d. 

How does the final electrostatic energy stored in 
the capacitor compare to the initial energy? 

0% 

0% 

0% 

1. The final stored energy is smaller 

72) The final stored energy is larger 

~. Stored energy does not change. 

PRS Answer: Changing Dimensions 

Answer: 2. The stored energy increases 

As you pull apart the capacitor plates you 
increase the amount of space in which the E 
field is non-zero and hence increase the 
stored energy. Where does the extra energy 
come from? From the work you do pulling 
the plates apart. 

n'" 

Class 21 
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DC Circuits 

Examples of Circuits 

U.n. ,), 

Current: Flow Of Charge 

Average currenl l ,v: Charge "'Q 
flowing across area A in time L\t ~ 
Instantaneous current: 0· 
differenlial limil of 1,,, • --i-' .... \ , 1---

jI=dQ
\ -+-~}-

dt 
Units of Current: Coulomb/second = Ampere 

Class 21 10 



Direction of The Current 
Direction of current Is direction 01 flow of poll . dlarge 

or, opposite direction of flow of negative charge 

Current Density J 
J: current/unit area 

~ C£J 
i points in direction of current 

PRS Question: 
Current Density 

Class 21 

dA 

_5 

~-. 

::.j O'~J ~o r- C~'7 R C ~ rt~ f l,j 

l :'\-'A 
\.QI~ 

( '/3 
1 

~o do"", -to 'V ~ .f ~< \ft', <-0. I va/V( (~) 
flo"" I....,,,, vvkr~ +- ~s ~ 
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PRS: Current Density 
A current 1=200 mA flows in the above wire. What is the 
magnitude of the current density J? 

/ ,, (~ 
5 {I 
em \ I 10 

y 

• 'k 1 . J =40 rnA/em 20 em em 

.... 2 . J = 20 mAiem .... 3 . J = 10 rnA/em 
oy, 4. J = 1 mAiem' 

... " 5 . J = 2 rnA/em' .. " 6 . J =4 rnA/em' 
OY. 7. I don't know 

PRS Answer: Current Density 
Answer: 6. J = 4 rnA/cm2 

j 

5em { ( " ~ L~~-::'-::'-::'-::'-::'_y-=--=--=--=--=--=-J) ~em 
20 em 

The area that matters is the cross-sectional 
area that the current is punching through -
the 50 cm2 area shaded grey. 
So: 

J = IIA = 200 rnA/50 cm2 = 4 mAlcm2 

Why Does Current Flow? 

If an electric field is set up in a conductor, charge 
will move (making a current in direction of E) 

e--e+.-\ ( \ 
0 -- : A ; , 

0 -+-' J 
\. ' I \ J ' I 

II E 

",. 

) 

Note that when current is flowing, the conductor is 
not an equipotential surface (and E ___ '" 0)1 

"'.~ 

Class 21 12 



Microscopic Ohm's Law 

IE=pJ or J=O"EI 

p and 0" depend only on the microscopic properties 
of the material, not on its shape 

cr: conductivity p: resistivity 

Why Does Current Flow? 
Instead of thinking of Electric Field, think of potential 
difference across the conductor 

f f\ , , 
.' '. 
, A ' 
: I 

1 I : 

'Vb \'-_____ '-",-'--/ _ _ __ .:0..// V, 
-+---+~ J 

Il.V= V. - Va 

Ohm's Law 

What is relationship between tl V and current? 

Il.V = V, - V, =- fE-d. =u 

~I (:) (Q 
£ 

Class 21 13 



Ohm's Law 

1 I 
v. ( 

/' \ 
( );,. I 

: If ; , , 
... / 

• E 

IL\V IRI IR=~ I 
R has units of Ohms (0) = Volts/Amp 

Sign Conventions - Battery 

Moving from the negative to positive tenninal of a 
battery increases your potential 

e I I ~V=Vb-Va l -11+ • • 
{' aft = +£ bl 

e 
• +11- • Think: 
a Ii, Ski Lift .6..1' ,,", -£ 

P:\.4' 

Sign Conventions - Resistor 

Moving across a resistor in the direction of current 
decreases your potential 

/ J I~V =~ -Va l -• Wi • a Il V = - /R b, 
I - Think: 

• Wi • Ski Slope 
i
a 

IlV = +IR b 

""_U 

Class 21 14 



Sign Conventions - Capacitor 

Moving across a capacitor from the negatively to 
positively charged plate increases your potential 

• - Q II +Q . 1t.V=~-Val 
ia b' 

fiV = +QIC 

• +Q II -Q 

hi 
Think: a 

fi V = - QIC Ski Lodge 

pa1."l 

Series vs. Parallel 

R, 

+ 

Series Parallel 

~ .. 

Resistors In Series 
The same current I must flow through both resistors 

!J.V =IR, + J 14. =I(R, +14.) = ] R •• 

IReq =Rt +~ I 

Class 21 15 



Resistors In Parallel 
Voltage drop across the resistors must be the same 

[' !, ,~ I ' 

1 1 1 
- =-+-
R"" Rj R, 

PRS Questions: 
Two Light Bulbs 

rn PRS: Bulbs & Batteries 
An ideal battery is hooked to a light 
bulb with wires. A second identical n, 

light bulb is connected in parallel to 
the first light bulb. After the second 
light bulb is connected, the current 
from the battery compared to when 
only one bulb was connected. 

D% 1. Is Higher 
0% 2. Is Lower 
0% 3. Is The Same 
0% 4. Don't know 

Class 21 16 



PRS Answer: Bulbs & Batteries 
Answer: 1. More current flows from 

the battery 

There are several ways to see this: 

(A) The equivalent resistance of the 
two light bulbs in parallel is half that 
of one of the bulbs, and since the 
resistance is lower the current is 
higher, for a given voltage. 

(6) The battery must keep two 
resistances at the same potential 
~ I doubles. 

_ PRS: Bulbs & Batteries 

~,. 

An ideal battery is hooked to a light ® G)' 
bulb with wires. A second identical iiJ' 
light bulb is connected in series with .en. .. 
the first light bulb. After the second -' 
light bulb is connected, the current .... 
from the battery compared to when 
only one bulb was connected. 

0% 1. Is Higher 

0% 2. Is Lower 

.,-. 3. Is The Same 

0% 4 . Don't know 

PRS Answer: Bulbs & Batteries 
Answer: 2. Less current flows ~) ,j) I 

from the battery ~. 
The equivalent resistance of the ,-
two light bulbs in series is twice l!.i'l . 
that of one of the bulbs, and ..... .... 
since the resistance is higher the 
current is lower, for the given 
voltage. 
(Translation) The ski slope just 
got twice as hard so half as 
many skiers take it. 

Class 21 17 



Kirchhoff's Loop Rules 

Kirchhoff's Rules 
1. Sum of currents entering any junction in a circuit 

must equal sum of currents leaving that junction. 

Kirchhoff's Rules 
2. Sum of potential differences across all elements 

around any closed circuit loop must be zero. 

6V=- fE.dS=O 
Closed 
Path 

Class 21 

", .• 
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Internal Resistance 

Real batteries have an internal resistance, r, which is 
small but non-zero :--'e:-'-" ' __ T __ ., • • 

a~.;. , h 
, , , , 
' .. -.- .-.-.-.-.-.-~ 

R 
d , 

Terminal voltage: Ll.V = v" - V" = 8 -1 r 

(Even if you short the leads you don't get infinite current) 

Steps of Solving Circuit 
Problem 

1. Straighten out circuit (make squares) 

2. Simplify resistors In series/parallel 

3. Assign current loops (arbitrary) 

4. Write loop equations (1 per loop) 

5. Solve 

Power 

Class 21 

~" 

I>2I· n 
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Electrical Power 

Power is change in energy per unit time 

So power to move current through circuit elements: 

p=~u=~( LlV)= dq LlV 
dt dt q dt 

Power· Battery 

Moving from the negative to positive terminal of a 
battery increases your potential. If current flows 
in that direction the battery supplies power 

I. 
a 

Ip.UPPHod =1 LlV =1 &1 

Power· Resistor 
Moving across a resistor in the direction of current 
decreases your potential. Resistors always 
dissipate power 

I -J--~"Nvr---~·rl 
I I l>V = - IR b 

Class 21 20 



PRS Questions: 
Two More Light Bulbs 

PRS: Power 
An ideal battery is hooked to a light 
bulb with wires. A second identical 
light bulb is connected in parallel to 
the first light bulb. After the second 
light bulb is connected, the power 
output from tihe battery (compared to 
when only one bulb was connected) 

0% ,. 15 four times hlgherr 

0% 2. Is twice 8 S high 

0% 3. Is the same 

0% 4. Is hall as much 

0% 5. Is Y. as muct'l 

0% 6. Oon'lknow 

PRS Answer: Power 

Answer: 2. Is twice as high 

The current from the battery must 
double (it must raise two light bulbs 
to the same voltage difference) and 

p=/v 

Class 21 

'. 
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• % 1 . Is four limes higher ... 2 . Is twice as high ... 3 . Is the same 
• % 4 . Is half as much 
• % 5 . is % as much 

• % 6 . Don't know 
~, . 

PRS Answer: Power = 7.,-- , 
Answer: 5. Is 1/4 as bright 

R doubles ~ current is cut in half. 
So power delivered by the battery 
is half what it was. But that power 
is further divided between two 
bulbs now. 

'" (j) 
~ 

~ 
Alternatively, 

P = J2R 

Right Hand Rules 

1. Torque: Thumb = torque, 
Fingers show rotation 

2. Feel: Thumb = I, 
Fingers = B, 
Palm = F 

>cereate: Thumb = I 
Fingers (curt) = B 

4. Moment: Fingers (curt) = I 
Thumb = Moment (=B inside loop) 

Class 21 

"',. 

ffl· . 
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The Biot-Savart Law 
Current element of lenglh ds carrying current I 
(or equivalently charge q with velocity v) 
produces a magnetic field: 

~ 

B = J-lo q vxr 
47r r2 

J dB = 110 IdSxr 
4.ff r2 

1>.1:1·.' 

Biot-Savart: 2 Problem Types 

I~ :; 

Class 21 

Notice that r is the same 
for every point on the 
loop. You don't really 
need to integrate 
(except to find path 
length) 

PRS Questions: 
Right Hand Rule 

Class 15 

/>1, ." 
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PRS: Cross Product 
What is the direction of A x B given the following two vectors? 

i, -A 
Q% 1. up 
Q% 2. down 
Q% 3. left 
D% 4. right 
00/, 5. into page 
D% 6. out of page 
Q% 7. Cross product is zero (so no direction)", . 

PRS Answer: Cross Product 

Answer: 5. A x B points into the page 

Using your right hand, thumb along A, 
fingers along B, palm into page 

_ PRS: Cross Product 
What is the direction of A x B given the following two vectors? 

- IB Q% 1. up A 

D% 2. down 

0'" 3. left 

0% 4. right 

D% 5. into page 
Q% 6. out of page 
Q% 7. Cross product is zero (so no direction) 

... ~ 

Class 21 24 



PRS Answer: Cross Product 

Answer: 6. A x B points out of the page 

Using your right hand, thumb along A, 
fingers along B, palm out of page 

Also note from before, one vector flipped 
so result does too 

PRS Questions: 
Making B Fields 

Classes 15-16 

"',. 

PRS: Biot-Savart A 
The magnetic field at P points towards the 1 

0% 1. +x direction 
I II 

0% 2. +y direction I 

00/. 3. +z direction r 

0% 4. -x direction Ii 
" : 

0% 5. -y direction LA 
6. -z direction 0% 

0% 7. Field is zero (so no direction) 
~,~ 
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PRS Answer: Biot-Savart 

Answer: 3. B(P) is in the +z . l 
. IJi. I direction (out of page) ~. 

The vertical line segment +--
contributes nothing to the field 1 
at P (it is parallel to the y 

displacement). The horizontal 1 
segment makes a field out of 
the page. 

PRS: Bent Wire 
The magnetic field at P is equal to the field of: 

c
-----

R 1 

P 
_1-

i 
0% 1. a semiclrcte 
0% 2. a semicircle plus the field of a long stralght wire 
IW. 3. a semicircle minus the field of 8 long straight wire 
0% 4 . none of the above 

PRS Answer: Bent Wire 
Answer: 2. Semicircle + infinite wire 

c
-----

R 1 

P 

......L 

All of the wire makes 8 into the page. The 
two straight parts, if put together, would make 
an infinite wire. The semicircle is added to 
this to get the complete field 

Class 21 26 



Magnetic Force 

- ,-
T 

FB = qvxB 

~ 
r-r 
~ .. 

. ~ 
'"1 

I. 

- -dFB = IdSxB , '\ . '\ .;.. If 

IF". 

FB = I(ExB) 
~1." 

Magnetic Dipole Moments 'It: Ii = IAn = fA 

'-b 
Feel: 

.................. 1) Torque to align with external field 

2) Forces as for bar magnets u; -~ . ii 
~ .• 

Helmholtz Coil 

Common concept QUestion 

Parallel (Helmholtz) makes 
unifonn field (torque, no force) 
Anti-parallel makes zero, non-

J,.:==:!=!~~U~nif~onn~field (force, no torque) 

.,. 
t ilt ' 

Class 21 

:fc- ft4 f"l{Jri!f 1£15 
~ me} eo 1f.S Qr( e.(Jv;i/IlAr rg 

b I( ~ 01.<\ 't 1-
v 

hill I..(} I 1 t-P Itt<-'/(. e;€r0( 

- b r (] "J!1 I') V / B 
(l~ 
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PRS Questions: 
Magnetic Dipole Moments 

Class 19 

PRS: Dij:lole in Field 

~. f.J. . o '" 
, " 

I 

From rest, the coil above will: 

0 " 1. rolate clockwiSe; not move 
0% 2. retato coonterdockwlsc, not move 
0 .. 3. move to tho right, not rotate 

·-::> ~va~ ~ Ii )-0 pet 12 e. E-
li 

, 
~ l I I 

~,. (/J k .::1kiJ C O( \ IN Io ~ 

LJ~ r ;crh) ha~J ;1)-1 

0% 4. move to tho left, not rotate 
0% 5. move In anotherdiroction, without rotating 

0 " 6. both mow and rotate 
0% 7. nellher rotato nor move 
0 " 8. t don't know 

-

PRS Answer: Dipole in Field l ( .....I ., , J.L= NIA \\ t ;LB F" 
(1. t~~oil face) 

IL A 
~'xiS B 

~ L 7 
. 1 

11' IJ 
r~ 

v 

Answer: 1. Coil will rotate clockwise (not move) 
IVo torr} JQ...--

~J-No net force so no center of mass motion. BUT ----
Magnetic dipoles rotate to align with external 
field (think compass) 

"" ~ 

~t,- ~ {;e ~ 5 irO')e i !H'U: I ______ 

Class 21 ' ' d D {I~ 'L 
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Problem 1: (25 points) Five Concept Questions. Please circle your 
answers. 

Question 1: (5 points) Circle the correct answer. 

Consider a simple parallel-plate capacitor whose plates are given equal and opposite 
charges and are separated by a distance d. The capacitor is connected to a battery. 
Suppose the plates are pushed together until they are separated by a distance 0 = d/2. 
How does the [mal electrostatic energy stored in the capacitor compare to the initial 
energy? 

\ J 

T 
J.. 

~ i 
initial 

~ Final is half the initial. 

~ Final is one fourth the initial. 

~ Final is twice than initial. 

d) Final is four times the initial. 

They are the same. 

v=- (J o 
Jb &; ctr ~ 

~ r 

1 
7.. 

e 

final 

Q'L ---C 

L 

, .l-

c:l./;t=1l 

t 

c V~ 

• 

he.. 
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Question 2: (5 points) Circle the correct answer. 

A conducting wire is attached to an initially charged spherical conducting shell of radius 

2a. The other end of the wire is attached to the outer surface of a neutral conducting 

spherical shell of radius a that is located a very large distance away (at infinity). When 

electrostatic equilibrium is reached, the charge on the shell of radius 2a is equal to 

a) one fourthite c large on the shell of radius a. 

b) half the cll" g 011 the she ll of radius a. 

G twice the cli ge 011 the shell of radius a. 

d) four time the charge on the shell of radius a. 

e) NOlle of the above. 

(o ~ ~ Q 'l-
== -I() S 

( 

i IrI (((I .... 
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':;\l.1}1. 
.,.l..fll 

dll 
r 

Jo-(!> ~:.( I 

Question 3: (5 points) Circle the correct answer. 

What is the correct order for the total power dissipated in the following circuits, from 
least to greatest] Assume all bulbs and all batteries are identical. Ignore any internal 
resistance of the batteries. 

t~ 
tI '" ... u./ 

c (OJ ~~E~~ __ ~ 
'] £ p....--{Qtl---i ?{> 
~ 

/Z S&, ~ 
f"\"> 1 0 f \ 

~ A<B)\C < D < E 

D<C < B ~< A 
~ j!{< B < E<A < C 

(5J~ =B < D <C<E 
'e-l B<A < C=D < E 

J,., 'I- f,,,, lwli-, I'J 'I 
<Loe< / 01 ItJ" ~.e, r 

For' Q ,dt 

-) 0 

tol '\ \ 
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Question 4: (5 points) Circle the correct answer. 

Consider a triangular loop of wire with sides a and b . The loop carries a current 1 in the 
direction shown, and is placed in a uniform magnetic field that has magnitude Band 
points in the same direction as the current in side OM of the loop. 

M 

-[ 

b I 

1_ ~~ "~\ I 
pl" "-

0'-1:, ~~::::~:--a--__ -_-_-_-_-_~·IN 
At the moment shown in the figure the torque on the current loop 

((a. point~he - ~ -direction and has magnitude labB 12 . 

~ poin~e.. ~ i -direction and has magnitude labB 12 . 

c) points in the - j -direction and has magnitude labB 12. 

~ 

r- ~A 'i. 

..> 

B 
J , c:- cJ~ (]J)o,k V110H~ ~ 

fa)) points in the + j -direction and1ms magnitude labB 12 . 
V , t;" o'/o ... J \ Poi 1 A 1- ~ 
1) points in the - ~ -direction and has magnitude labB . --.:. 

T. '§J 
-..l 

)(2 2. points in the + i -direction and has magnitude IabB . 

points in the - j -direction and has magnitude IabB . 

points in the + j -direction and has magnitude labB. 1 <A(/lI"~ ( 1f.l~L ~'P 
i) None of the above. 

rr 
\ \ 

fit O~ J~«fO~ q, V 

u:" ~ ot ({lJ/~ r 0"" ~Jrt 

~ 0 \J h<!/ r( 

o ,(oIce { 
f 

() (U(IC1)- ~ 

o fie l ~ r--
( 
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~ 

Question 5: (5 points) Circle the correct answer. 

A particle with charge q and velocity venters through the hole in screen I all~ses 

through a region with non-zero electric and magnetic fields (see sketch). If ~ and 
tbe magnitude of the electric field E is greater than tbe product of the magnitude of the 
initial velocity v and tbe magnitude of the magnetic field B , that is E> vB , then the 
force on the particle 

$, 

x ( 

--- I 
-at is zero and the particle wi ll move in a straight line and pass through the hole on 
j '-- 'screen 2. 

'\,) is constant and the particle will follow a parabolic trajectory bitting the screen 2 
~above the hole. 

c) is constant and the particle will follow a parabolic trajectory hitting screen 2 
below the hole. \ / ' 

(r.>r'1pl f,>( C~'ttI~~I" j (!, lec 10/( 
d). is constant in magnitude but ch~ges direction and the particle will fo llow a 

\ circular trajectory hitting the screen 2 above the hole. 

e) is constant in magnitude but changes direction and the particle will fo llow a 
circular trajectory hitting the screen 2 below the hole. 

changes magnitude and direction and the particle will follow a curved trajectory 
, hitting the screen 2 above the hole. 00 es v.p ,---_ --.,) ~ 

;g)l changes magnitude and direction and the particle will fo llow a curved trajectory \-:: 
V hitting the screen 2 below the hole. 

ne [~ 
h '~ ) 

MfA.~A{ L ~t 

- bv~ jot!> ' rr0 
It I , 

C ~I\.A -9 \." J CD ;1 CfI(vC'5 (prrtp'{v I( 
8 

r- -e. (( t< 1 
, 

J.<l..l" (J iA{.>4 II c's I I ('/0 ~ pJi -

f CJ(f I( /(J 

F;e /J bJJf 

~o .,,,, I> 
~, , 

e / i! I 



Problem 2 (25 points) 

NOTE: YOU MUST SHOW WORK in order to get any credit for this problem. Make 
it clear to us that you understand what you are doing (use a few words!) . 

Consider a spherical vacuum capacitor consisting qf inner and outer thin conducting 
spherical shells with charge + on t Inner I of radius a and charge -Q on the 

outer shell of radius b . You may eglec bickness of each shell. 

I 
. J; 1 ;'1 J(l')) 

J\ \ 1/ {r,i~,,"J 9" ",~IJ fo~'" {PIY'~~f 
~---~ /What are the magnitude and direction of the electric field everywhere in space as . 

/ a function of r, tbe distance from the center of the spherical conductors? 

-~ 
Eo 

t . L/1f'r'2 = E! 
. J6 

- ~ -
t6 

1-~rlf ~/f ( 
~r~)· 

( 
r"O~ 

f= () 

t .:c 0- ~Q ~O -- -
(6 l)1f( 1-

-
? I 

-

ttiJ ~"I\;":.'l 
in.c~(d 

_1A_L-'.I--"c---",k--,-' 

to 



b7r 
/;. .: k Q /cols t;k q po:~ f C~Ci((,j.( 

( l II 

r 

b) What is the capacitance of this capacitor? 

/ 
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Jl 
{{ (!v, 
\o~" [.II 

0" t"", 
\., .... 

~ j)Q~O(~ c:" 

~ w(o/1 
--

V~H j( 

{l{g" 

c) Now consider the case that the dimension of the outer shell is doubled from b to 
2b . Assuming that the cbarge on the shells is not changed, how does the stored 
potential energy change? That is, find an expression for />,.U == U,ifi" - Ub,!.'" in 

tenns of a, b, and flo' ?tv! d 6.. 
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Problem 3 (25 points) 
\U\ 

NOTE: YOU MUST SHOW WORK in order to get any credit for this problem. Make 
it clear to us that you understand what you are doing (use a few words!) . 

Consider the following circuit shown in Ihe figure below. All questions can be answered 
without solving any differential equations. 

R = R. I 

c 

T 
a) Find the current through each oflh« four resistors, R" R" R3 , and R., a long J time after the switch S has been in position (1). 

. (V (( \' l\i +kQJ~~ &,( ::: 0 fo '/flCQ.. f10 t (j (Ill"\ r/dp 

J(u((e,,~ t-~(01'" U_~ '(~~Or 
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t~ Co: '((j\' or hIPS (j tIe J 

~V\·d ThV) I\.() C (,U€tt 

Now 'vvf 0' I e Iff t 

~ - l J -1 L~ ~O 
f - 13R - 0 
t = T3~ 

'2, ("b J ot.) 

1'1\'). 'L I 

o 
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b) Find the absolute value of the potential difference IVel across the capacitor a long 

time after the switch S has been in position (I). 

l-J~ D,st Contecttd 

~ 13R ~ O E[J 

t-~-T ~ Q =: 661 
~-.a-J]K td)7 

- ~ ~}1~~ .. lY' \ {Sh r9 ]0 
3 

.-.:------0 " - Q/ (. l- i": tail t .. cdt.<r I," i -t. 
c) At I = 0 1he switch is moved to position (2). What current wi I flow out of the 

capacitor at the instant the switch is moved to position (2)? Indicate whether the 
current will flow up or down in the branch of the circuit containing the capacitor. 

c 

{'- 1<l 'V f ro,'l 01\ 

lOPf 
Q - iR -13 R. =- 0 
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d) Make a graph of current vs. time for the current that flows out of the capacitor 
after the switch is moved to position (2) at t = O. Indicate the value of the current 
at time t = 0 on your graph. 

t () 
5.,,'dch 0-) 

'L 

t 

e) Find an expression for how long it takes the current that flows out of the capacitor 
to reach a value equal to e- I of the value of that current when the switch is 
moved to position (2) at t = o. (You can answer this question without solving a 
differential equation.) 

1\. 

e-' 

~ 1'-

-I 'II be. itt ~ X /' t . ~I 
} ~~ !I hL tt Jj '( 

ICvrren ~ ",'/I (all I be. 
- I 
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(AHo.- J~~t b(>( O"~ 

16 

, 



f) After a long period in position (2), the switch is thrown to position (1) again. 
Immediately after the switch has been thrown to position (1), find the current 
through the battery. 

YJ.~ 0-) h :"tJltJ f ,(Jb/(]/) f(/~f fA. 
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Problem 4 (25 points) 

NOTE : YOU MUST SHOW WORK in order to get any credit for this problem. Make 
it clear to ns that you understand what you are doing (use a few words!) . 

The x - y plane for x < 0 is filled with a 

uniform magnetic field pointing out of 

the page, B = 2Bo k with Bo > 0 , as 

shown. The x - y plane for x > 0 is 

filled with a uniform magnetic field 

B = - Bo k , pointing into the page, as 

shown. A charged particle with mass 111 

and charge q is initially at the point S 

at x = 0 , moving in the positive x
direction with speed v. It subsequently 
moves counterclockwise in a circle of 
radius R, returning to x = 0 at point P , 
a distance 2R from its initial position, as 
shown in the sketch. 

x<o x=o x>o 
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B=~k ' B=-Bo 

~~1 0 ) .st(o"~ 
a) Is the charge positive or negative? Briefly explain your reasoning. 
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b) Find an expression for the radius R of the trajectory shown, in tenus of v, m , q , 

and Bo. 
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c) How I ng does the particle take to return to the plane x = 0 at point P? 
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d) Describe and sketch the subsequent trajectory of the particle on the figure below 
after it passes point P. Be sure to define any relevant distances in terms of v, m , 
q, and Bo. 
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8.02 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics 

8.02 Exam Two Spring 2010 Solutions 

Question 1: (5 points) Circle the correct answer. 

Spring 2010 

Consider a simple para llel-plate capacitor whose plates are given equal and opposite 
charges and are separated by a distance d. The capacitor is connected to a battery. 
Suppose the plates are pushed together unti l they are separated by a distance 0 = d/2. 
How does the fina l electrostatic energy stored in the capacitor compare to the initial 
energy? 

\ J ,J.. 

T 
d.... ~ -= c:I./;t=l) 

I 
t i t 

initial final 

a) Final is half the initial. 

b) Final is one fourth the initial. 

c) Fina l is twice than initial. 

d) Final is four times the initial. 

e) They are the same. 

Answer c. Because the capacitor is connected to the battery, the potential difference 
across the plates is constant. Therefore the ratio of the fina l stored energy to the initial 
stored energy is proportiona l ratio of the fina l capac itance to the initia l capacitance, 

VI/ V; = ~C,L'.Vc' / ~ C;L'.Vc' = C, / C, . For a parallel plate capacitor, the capacitance is 

inversely proportional to the distance separating the plates, 

C = Q = Q = <5 II Coli Therefore the ratio of the capacitance IS 
L'.V Ed (<5 / co)d d 

CI/ C; =d,/ d, =d /(d / 2)=2. So V , /V, =2. 



Question 2: (5 points) Circle the correct answer. 

A conducting wire is attached to an initially charged spherical conducting shell of radius 

2a. The other end of the wire is attached to the outer surface of a neutral conducting 

spherical shell of radius a that is located a very large distance away (at infinity). When 

electrostatic equilibrium is reached, the charge on the shell of radius 2a is equal to 

a) one fourth the charge on the shell of radius a. 

b) half the charge on the shell of radius a . 

c) twice the charge on the shell of radius a . 

d) four time the charge on the shell of radius a. 

e) None of the above. 

Answer c. When electrostatic equilibrium is reached, the two shells form one conducting 

surface and hence the potential on that surface is constant. Because the two shells are 

very far apart, the potential of each shell with respect to infinity can be calculated 

separated. Because the electric field outside each charged shell is identical to the electric 

field of a point-like object with the same charge located at the center of the shell. The 

potential on each shell with respect to infinity is just Q / 4m;ol'. The potential difference 

between the two shells is zero, or Q' a / 47r£o2a -Q" / 47r£oa = 0, or Q'a = 2Qa' Therefore 

the charge on the shell of rad ius 2a is equal to twice the charge on the shell of radi us a. 



Question 3: (5 points) Circle the correct answer. 

What is the correct order for the 10101 power dissipated in the following circuits, from 
least to greatest? Assume all bulbs and all batteries are identical. Ignore any intemal 
resistance of the batteries. 

® At_ +J B~ 
D E 

+---{J!')L)--4 

a) A < B=C < D <E 

b) D < C < B =E<A 

c) O < B < E<A<C 

d) A = B < D <C<E 

e) B < A < C=D <E 

Answer a. The power dissipated in the circuits above is the equal to the power generated 
by the batteries. For a battery with a current I and an electromotive force V , the power 
generated by the battery is P = IV . The current from the battery in case A is I A = V / 3R, 

hence the power dissipated is P, = I"V = V'I3R . The two resistors in series are shorted 

out in B, hence the current from the battery in case B is I H = V / R , hence the power 

dissipated is ~J = I f) V = V' / R. In case C, the current through the bulb is Ie = V / R. 

Because there is only one bulb, we can calculate the power di ss ipated across the bulb 

Pe = Ie' R = V' / R. In case 0 the equivalent resistance is RD = R/3. So the current from 

the battery in case 0 is I f) = 3V / R , hence the power dissipated is ~) = I DV = 3V' / R. 

Finally in case E, the electromotive force driving the current is 2V, hence the current 
through the bulb is 1" = 2V / R. Because there is only one bulb, we can calcu late the 

power di ssipated across the bulb ~, = I".' R = 4V' / R . Therefore comparing our results 

we have that the correct order for the 10101 power di ss ipated in the following circuits is 
A<B=C<D < E . 



Question 4: (5 points) Circle the correct answer. 

Consider a triangular loop of wire with sides a and b. The loop carri es a current J in the 
direction shown, and is placed in a uniform magnetic fi eld that has magnitude Band 
points in the same direction as the current in s ide OM of the loop. 

I 
---+--

----a----Ir 
At the moment shown in the fi gure the torque on the current loop 

a) points in the - ; -direction and has magnitude labB I 2 . 

b) points in the + i-direction and has magnitude labB l2 . 

c) points in the - j-direction and has magnitude labBl2 . 

d) points in the + j-direction and has magnitude labBl2 . 

e) points in the -; -direction and has magnitude labB . 

I) points in the + i -direction and has magnitude labB . 

g) poi nts in the -j -direction and has magnitude labB. 

h) po ints in the + j -direction and has magnitude labB . 

i) None of the above. 

Answer b. The magneti c dipole moment vector is iL =Jab I2} . The torq ue on the 

current loop is then i' = ji x jj = (lab I 2)] x Bk = (labE 12)7. 



Question 5: (5 points) Circle the correct answer. A particle with charge q and velocity 
venters through the hole in screen I and passes through a region with non-zero e lectric 
and magnetic fields (see sketch). If q < 0 and the magnitude of lhe e lectric field E is 

greater than the product ofthe magnitude of the initi al velocity v and the magnitude of 
the magnetic field B , that is E > vB , then the force on th e particle 

Sf 3. 

_I C!'7~;!}: 
.~" >c" Elfll 

t \ ,": _1<,. ".\ 

a) is zero and the particle will move in a straight line and pass through the hole on 
screen 2. 

b) is constant and the particle will follow a parabolic trajectory hitting the screen 2 
above the hole. 

c) is constant and the particle will follow a parabolic trajectory hitting screen 2 
below the hole. 

d) is constant in magnitude but changes direct ion and the particle will follow a 
circular trajectory hitting the screen 2 above the hole. 

e) is constant in magnitude but changes direction and the particle will fo llow a 
circular trajectory hitting the screen 2 below the hole. 

f) changes magnitude and direction and the particle will follow a curved trajectory 
hitting the screen 2 above the hole. 

g) changes magn itude and direction and the particle will follow a curved trajectory 
hitting the screen 2 below the hole. 

Answer f. When the particle enters the region where the fields are non-zero, the e lectric 
force is points upwards for a negative ly charged particle and is greater in magnitude then 
the downward magnetic force. Both e lectri c and magnetic forces are perpendicular to the 
particle's velocity and the particle starts to curve upwards. The electric force is always 
upwards but the magnetic force changes direction as the particle moves a long a curved 
trajectory, so the direction of the fo rce changes. It turns out that the magnitude of the 
force while the particle is between the plates is constant but does not point to a central 
point so the trajectory of the particle is not c ircu lar. Assuming that the time it takes the 
particle to cross the plates is smaller than -7[1/1 / qB , when the particle leaves the region 

between the plates the slope of the trajectory of the particle po ints upward , and so the 
parti cle will strike screen 2 above the ho le. Because the fi e lds in thi s region outs ide the 
plates are now zero, the force is zero so the magnitude of the fo rce has changed. 



Problem 2 (25 points) 

NOTE: YOU MlJST SHOW WORK in order to get any credit for this problem. Make 
it clear to us that you understand what you are doing (use a few words!) . 

Consider a spherical vacuum capacitor consisting of inner and outer thin conducting 
spherical shells with charge +Q on the inner shell of radius a and charge -Q on the 

outer shell of radius b. You may neglect the thickness of each shell. 

a) What are the magnitude and direction of the electric field everywhere in space as 
a function of r, the di stance from the center of the spherical conductors? 

Answer. There are three regions,. < a , a < r < b , and b < r . The electric field is zero for 
,. < a and b <,. because the charge enclosed in a Gaussian sphere of radius ,. is zero for 
both of those regions. 

For the region a < ,. < b, Gauss's Law implies that £41('" = Q / 00 • Hence the magnitude 

of the e lectric field is £ = Q / 41(00 '" and the direction is radially outward. 



0 ;,.<0 

E= = 
Q 

., r;a<r<b 
4Jr°o"-

0 ;b < ,. 

b) What is the capacitance of this capac itor? 

Answer: The capacitance is given by 

C= Q Q 
I~Vc l , " 

- fE .as 
Q 4Jr°oab 

(b-a) . 

r=b 

'" Q - f 4m: ,.' d,. 
r=b 0 

c) Now cons ider the case that the dimension of the outer shell is doubled from b to 
2b . Assuming that the charge on the shells is not changed, how does the stored 
potential energy change? That is, find an expression for ~U '" U.fie< -Ub,!." in 

terms of Q a, b , and 0 0 as needed. 

Answer: The energy stored in the capac itor is U = Q' 12C. Therefore the change in 

stored energy is 

Q' ((2b-a) 
~U=-

2 4Jr0oa2b 
(b -a)) Q' ((2b-a)-2(b-a)) Q' 
4Jr0oab = 2 4Jr0oa2b = 16Jr0ob . 



Problem 3 (25 points) 

NOTE: YOU MUST SHOW WORK in order to get any credit for thi s problem. Make 
it clear to us that you understand what you are do ing (use a few words !) . 

Consider the following c ircuit shown in the figure below. All questions can be answered 
without so lving any differential equations. 

i('-') e.. R ~:l.R c 

T 1-

IRV~ 
R. =3R.. 

3 

a) Find the current through each of the fo ur resistors, with resistances R" R" R" 
and R" a long time after the switch S has been in position ( I). 

Answer: No cu rrent flows through resistor R., . A long time after the switch as been 

c losed no current fl ows through the branch of the circuit containing the capac itor and 
res istor R,. So the circuit looks like the c ircuit diagram below. 

(.< -= R 
I 

In this s ingle loop circuit with equivalent resistance 11", = 11, + R, = 311, the current is the 

same through both resistors with resistances R" R" and is given by J = c /(311). 

b) Find the absolute value of the potent ial difference IVel across the capac itor a long 

time after the switch S has been in position ( I). 



Answer: The potential across the capacitor is the same as the potentia l across res istor 2, 
(see figure below) 

Iv I=/R =-'£2R= 2&. 
e "2 3R 3 

c) At t = 0 the switch is moved to position (2) . What current w ill flow out of the 
capacitor at the instant the switch is moved to position (2)? Indicate whether the 
current w ill flow up or down in the branch of the circuit containing the capacitor. 

e. 
T 

R -= R 
I 

R ~:LR z. 

i(.;l.) 
c 

\R~~ 
R3 = 3 R.. 

Answer: When the switch is moved to position 2 the c ircu it looks like the circuit diagram 
shown below. 

~\ 

The current flows counterclockwise (up from the capacitor). Because IVel = (2 / 3)& and 

the equ ivalent resi stance is R", = R, + R, = 4R , the current is 

IVel 2& [; 1 =- =--=-
R", 3( 4R) 6R' 



d) Make a graph of current vs. time for the current that fl ows out of the capac itor 
after the switch is moved to pos ition (2) at 1 = o. Indicate the value of the current 
at time 1 = 0 on your graph. 

-I c.. e 
('R. 

e) Find an expression for how long it takes the current that fl ows out o f the capacitor 

to reach a value equal to e- I of the va lue of that current when the switch is 
moved to position (2) at 1 = o. (You can answer this question without solving a 
differenti al equation.) 

Answer: Because the equivalence resistance is R,,, = 4R , the time constant is 

r=R C= 4RC . rq 

f) After a long period in position (2), the switch is thrown to position ( I) again. 
Immediately after the switch has been thrown to position (I), find the current 
through the battery . 

Answer: After a long period in pos ition (2) the capacitor is now uncharged . Immediate ly 
a fter the switch has been thrown to pos ition ( I), the capacitor can be replaced by a wire, 
and the c ircuit now looks li ke 

R. = 3 R. 
.3 



Resistors 2 and 3 are now in parallel with equivalent res istance 

(R) _ R,R, (2R)(3R) 6R 
"I P''' II, + R, (2R + 3R) S 

Because resistor I is in series with the parallel pair of resistors 2 and 3, the equivalent 
resistance of the resistor network is 

R,R. R = R + - , 
' q 'R,+R, 

Therefore the current through the battery is 

I=t:/ R,q = Sc/IIR. 



Problem 4 (25 points) 

NOTE: YOU MUST SHOW WORK in order to get any credit for this problem. Make 
it clear to us that you understand what you are doing (use a few words!) . 

The x - y plane for x < 0 is fill ed with a 

uniform magnetic fi e ld pointing out of 

the page, B = 2Bo k with Bo > 0 , as 

shown. The x - y plane for x> 0 is 

filled with a uniform magnetic field 
_ A 

B = -Bo k , pointing into the page, as 

shown. A charged partic le with mass 111 

and charge q is initially at the point S 

at x = 0 , mov ing in the positive x
direction with speed v . It subsequently 
moves counterclockwise in a circle of 
radius R , returning to x = 0 at po int P , 
a distance 2R from its initial position, as 
shown in the sketch. 

x<o x=o x>o 
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B o ut of page B into page 

a) Is the charge positive or negative? Briefl y explain your reasoning. 

- -
Answer: Because the orbit is counterclockwise the force F = qv x B must point up when 

the particle is at po int S . The v x B = v7 x (-Bo k) = vBo J po ints up therefore the charge 
- -

of the particle must be pos itive in order for F = qv x B also to point up. 

b) Find an expression for the radius R of the traj ectory shown, in terms of v , 11/ , q , 

and Bo ' 

Answer: The orbit is c ircular, so Newton's second Law becomes qvBo = 11/1" / R. Thus 

the radius o f the orbit is 

R = /ii I' . 

qBo 



c) How long does the partic le take to return to the plane x = 0 at point P? 

Answer: The time I I' it takes the particle to complete a semicircular path from S to P is 

:rR :r1l1 'I' =-=-. 
v qBo 

d) Describe and sketch the subsequent traj ectory of the particle on the figure below 
after it passes point P. Be sure to define any relevant distances in terms of v , 

m ,q , and Bo' 

x< o x=o x>o 
8 8 0 0 ®~1 00 

0 00 0 0.9000 

o (v 
(v 0 0 

(.:) 0 0 0
S

0 @ 0 ® 

(v 0~) 0 10 ® 0 ® 
B out of page B into page 

B=2Bk o 8=-B k o 

When the particle is at point P , the force is still up because both the veloc ity and the 
magnetic field now point in oppos ite directions. Hence 

F = qv x jj = v( -1) x (2Bo k) = 2vBo J. 

Newton's Second Law is now 2vBo = II1V' /11, . Hence the radius is now 

R, = IIIv/2Bo = R / 2. 


