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Related Reading: Course Notes: Sections 4.3-4.4; 5.1-5.4, 5.9 

Topic Introduction 

Today we introduce the concept of conductors and put the idea of capacitance, which you 
have already played with in circuits, on firm ground. Conductors are materials in wJlli;h 
charge is free to move. That is, they can conduct electrical current (the flow of charge). 
Metals are conductors. For many materials, such as glass, paper and most plastics this is not 
the case. These materials are called insulators. For the rest of the class we will try to 
understand what happens when conductors are put in different configurations, when 
potentials are applied across them, and so forth. 

Conductors 

+ 
- Eintcrnal = -Ecxtemal+ 

-----+ 
Etotal = 0 + 

+ 
Ecxternal 

Since charges are free to move in a conductor, the electric field 
inside of an isolated conductor must be zero. Why? Assume that 
the field were not zero. The field would apply forces to the 
charges in the conductor, which would theILIll.QYe. As they 
move, they begin to set up a field in the opposite direction. An 
easy way to picture this is to think of a bar of metal in a uniform 
external electric field (from left to right in the picture below). A 
net positive charge will then appear on the right of the bar, a net 
negative charge on the left. This sets up a field opposing the 

original. As long as a net field exists, the charges will continue to flow until they set up an 
equal and opposite field, leaving a et zero fieLaJiisid2the conductor. 

Capacitance 
You already know much about capacitors, for example, that they store electric charge and 
that they are characterized by the amount of charge they can store for a given potential 
difference (C '" Qj i t; V I), that is, that a large capacitance capacitor can store a lot of charge 

with little "effort" - little potential difference between the two plates. r: 
Today we begin taking a second look at capacitors, namely learning how to calculate the 
capacitance of various configurations of conductors. A simple example is pictured at left ­
the parallel plate capacitor, consisting of two plates of area A, a distance d apart. To find its 
capacitance we first arbitrarily place charges ±Q on the plates. We calculate the electric field 

d 

-1 A 
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+Q between the plates (using Gauss's Law) and integrate to obtain 
the potential difference between them. Finally we calculate 

the capacitance: S = 011 t; V 1= BoA/ d. Note that the 

capacitance depends only on geometrical factors, not on the 
amount of charge stored (which is why we were justified in 
starting with an arbitrary amount of charge). 
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Summary of Class 9 8.02 

Energy 
As you already know, in the process of storing charge, a capacitor also stores elEctric energy. 
Today we derive the formula you have been using by considering how you "charge" a 
capacitor. Imagine that you start with an uncharged capacitor. Carry a small amount of 
positive charge from one plate to the other (leaving a net negative charge on the first plate). 
Now a potential difference exists between the two plates, and it will take work to move over 
subsequent charges. Reversing the process, we can release energy by giving the charges a 
method of flowing back where they came from. So, in charging a capacitor we put energy 
into the system, which can later be retrieved. Where is the energy stored? In the process of 
charging the capacitor, we also create an lectric field, and it is in this electric field that the 
energy is stored. We assign to the electric field a "v-2.!J1me energy density" u}i1 which, when 
integrated over the volume of s ace where the electric field exists, tells us exactly how much 
energy IS sore . 

Important Equations 
Capacitance: 

Energy Stored in a Capacitor: 

Energy Density in Electric Field: 
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Class 09: Outline 

Hour 1 

Conductors and Insulators; 

Hour 2 

Capacitance and Capacitors . 

Conductors 

Conductors and Insulators 

Conductor: Charges are free to move 

Electrons weakly bound to atoms . 

Example: metals 

Insulator: Charges are NOT free to move 

Electrons stronglybound to atoms 

Examples: plastic, paper, wood 

.... , 

.... , 
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Conductors 

Conductors have free charges 

-7 E must be zero inside the conductor 

-7 Conductors are equipotential objects 

E 

+ 
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Conductors in Equilibrium 

Conductors are equipotential objects: 

1) E = 0 inside (DO a"d)~ M .. ttr~"'1 , 
2) E perpendic~lar to su ace ~,\ t,~ --.. .--
3) Net charge inside is 0 %. :::::: 
t.l11~ I .::::::'.' ~ 
• ! 1:")l(e~5 [l\oIllvf d" --..... : .....-

5vr-~(.. =:: :::: 

Conductors in Equilibrium: 
Free Charges Move To Surface 

Put net charge inside conductor 

Java applet link 
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Conductors in Equilibrium 

Conductors are equipotentia l objects: 

1) E = 0 inside 

2) E perpendicular to surface 

3) Net charge inside is 0 

4) Excess charge on surface --. 
~. 

Capacitors and Capacitance 

Our first . of 3 standard electronics devices 

(Capacitors, Resistors & Inductors) 

• 4
0

' 11,' 
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Capacitors: Store Electric Charge 

Capacitor: Two isolated conductors 
Equal and opposite charges to 
Potential difference tN between them. 

c= Q 
III V I 

Units: CoulombsNolt or 
Farads 

C is Always Positive ~. , 
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~~------------~~ 

Parallel Plate Capacitor 
Oppositely charged plates: 
Charges move to inner surfaces to get close 

Link to Capacitor App!et 

Calculating E (Gauss's Law) 

"""'_n 

IifE.dA=q,· E (11,;_ ) = O"AG=, IE =!!...=JLI 
s Eo Eo . Go ACe. 

I 

Note: We only "consider" a single sheetl 

Doesn't the other sheet matter? ~. tI 
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Alternate Calculation Method 

E=-2:,1 I I I 
Top Sheet: + + + + + + + + + + + + + + 

Bottom She!:= 2:2 . ~ . . ~ .jL . LE.= 2:, 
I I I IE=-~ 2E, 

C depends only on geometric factors A and d 
~ .. 
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PRS Questions: 
Changing C Dimensions 
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PRS: Changing umnerlSIClnS' 

A parallel-plate capacitor has plates with equal and 
opposite charges ±Q, separated by a distance d, and 
is not connected to a battery. The plates are pulled 
apart to a distance D > d. What happens? 

OY. 1. V increases, Q increases 

OYo 2. V decreases, a increases 
OYo 3. V is the same, Q increases 
OYo ~ V increases,Q Is the same 

0% V decreases. Q is thesame 

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

0% 7. V increases, a decreases 
0% 8. V decreases, Q decreases 

0% 9. V is the same,a decreases ,.,.." 

] 20 II PRS: Changing Dimensions 
A parallel-plate capacitor has plates with equal and 
opposite charges ±Q, separated by a distance d, and 

i is connected to a battery. The plates are pulled apart 
1'1o=ii distance D > d. What happens? • 

1. V Increases, a increases 
2. V decreases, Q Increases 
3. V is the same, Q increases 
4. , V increases, Q is the same 
5. V decreases, Q is the same 
6. V is the same, Q is the same 
7. V increases, Q decreases 

i~ V decreases, Q decreases 
( g. ) V is the same, Q decreases 

Demonstration: 
Changing C Dimensions 
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Capacitors: Review 

Capacitor: Two isolated conductors 
Equal and opposite charges ±Q 
Potential difference !N between them. 

c= Q 
III Vi 

Units: CoulombsNolt or 
Farads 

C is Always Positive "".n 

Group Problem: Spherical Shells 

- Q These two spherical 
shells have equal 
but opposite charge. 

Find E everywhere 

Find V everywhere 
(assume V(oo) = 0) 

~ .• 
t -) 1/ ~C 

Spherical Capacitor 
Two concentric spherical shells of radii a and b 

What is E? 

Gauss's Law ~ E oF 0 only for a < r < b, 
where it looks like a point charge: 

.... Class 09 

E
- Q. = r 
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8;, lovver 
f'\\c,\~Q 5J /( 11'~u-

Spherical Capacitor ~ 
'~M' _ _ ' & . Q(ll ) 

t.v =- f E·a'S =-f--, ·drr =- ---
inJilk Q 4il'Col" 4JT&o b a 

Is this positive or negative? Why? f:.,,,.-__ ..... "Q 

c-JL- 47l"&o f Q II 

-1t:.VI- (a-' -b-') 
For an isolated spherical conductor of radius a: 

C =4JZ"Boa 

Capacitance of Earth 

For an isolated spherical conductor of radius a: 

C = 47Z"&oa 

&0 =8.85xlO-12 F/m a=6.4xl06 m 

C = 7xI0-4F = O.7mF 

A Farad is REALLY BIGI We usually use pF (10.12) or nF (10-") 

..... 

Energy Stored in Capacitor 

Start charging capacitor 

- S.9\'>t th\~~-¢~ &~ t 
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Energy To Charge Capacitor 
, 

"': ... ~.~_~ :':_:!~!..~_!.e_+.~ 
+q 

... _ -.::'l _____ :L 
l:'::. ::;c:;a=p=aC;it:-or-s:-:ta::rt;:s-j~~C~a;:g~d. - - . . - - -

2. Carry +dq from bottom to top. 
Now top has charge q = +dq, bottom -dq 

3. Repeat 
4. Finish when top has charge q = +Q, bottom -Q 

Work Done Charging Capacitor 

At some point top plate has +q, bottom has-q 
Potential difference is AV= q I e 
'York done lifting another dq is dW = dq LlV 

r;-+-~:;:-:;:7++-+ + "!:: y(." -- ~ -- 'l 
,,r -q 

..... 

Work Done Charging Capacitor 

So work done to move dq is: 

dW = dq/::"V = dq'L = J.. qdq 
C C 

Total energy to charge to q = Q: 

S 
I QS - .. . .. 
C o . t

Jf 

W = dW= - qdq yr: +q 

tlfJl Q2 -q 
-C2 ~1 -- --' 

~," 
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Energy Stored in Capacitor 

Since C = I/I,Qv I 

Where is the energy stored??? 

I 'lh hQW ''''''~ J, ha.,\~ e-..'> 
/'lw.+ M~Hf/) M . 

Energy Stored in Capacitor 

Energy stored in the E field! 

sA 
Paralle/'plate capacitor: C = _0_ and V = Ed 

d 

1 • lcA( )' cE' u=-cv' =--" Ed =_O_x (Ad) = uex (voillme) 
2 2d 2 ~ 

[; E2 
UE = E fi eld energy density = _ 0_ 

2 

PRS Question: 
Changing C Dimensions 

Energy Stored 

Class 09 
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PRS: Changing Dimension~ 

A parallel-plate capacitor, disconnected from a t 
battery, has plates with equal and opposite 
charges, separated by a distance d. 

Suppose the plates are pulled apart until separated 
by a distance D > d. 

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

11% ' 1. The final stored energy is smaller 

D'J'o (j) The final stored energy is larger 

11% . 3 . Stored energy does not change. 

Demonstration: 
Big Capacitor 
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics 

8.02 Spring 2010 

Problem Set 4 

Due: Tuesday, March 2 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 Conrse Notes. 

Reading Assignments: 

Week Five Conductors as Shiclds; Currcnt and Ohm's Law 

Class II WOSDI Mn' Mar 1/2 Conductors as Shi elds; Ex pt. 2: Faraday Ice Pail ; 
Capacitors and Dielectri cs 

Reading: Course Notes: Sectio ns 4. 3-4.4; 5.5 , 5.9, 5. 10.2 
Ex periment: Experiment 2: Faraday Ice Pa il 
http: //web. mit.edu/S.021/wlvw/material ' lEx peri ments/expO? Rdf 

Class 12 W05D2 W / R Mar 3/4 

Reading: 

Class 13 W05D3 F Mar 5: 
Reading: 

Add Date Mar 5 

Current, Current Density, and Res istance and 
Ohm 's Law; DC Circuits 
Course Notes: Sections 6.1-6.5; 7.1-7.4 

PS04: PHET: Building a Simple DC Circuit 
Co urse Notes: Sections 6.1 -6.S; 7.1 -7.4 

PS04· 1 



Problem I: Read Experiment 2: Faraday Ice Pail 
http: //web . mit .cd u 18. () 2 t Iwww/matcrials/Expcrilllcll t sl cx p02. pd f 

Consider two nested cylindrical conductors of height h and radii Ci & b respectively . A 
charge +Q is evenly distributed on the ollter surface of the pail (the inner cylinder), -Q on 
the inner surface of the shield (the outer cy linder). You may ignore edge effects. 

I-

(
~ 

-h 
.----_ :=----J 

\ '+0' 

~ 
b 

a) Calculate the electric I~ e ld between the two cylinders (a < I' < b). 

b) Calculate the potentia l difference between the two cylinders: 

c) Calculate the capacitance of thi s system, C = QI L1V 

d) Numerically eva luate the capac itance for your experimenta l setup, g iven: h = 15 

cm, Ci=4.75cmandb=7.25cm. ({ ~~ (Q rjj;PIIlC€'!o- ) 
Q Find the electric field energy density at any point between the ct nducting Iv( 

cylinders. How much energy res ides in a cylindrical shell between the conductors of 

( :-r radius I' (with a < I' < b ), height h, thi ckness dr , and volume 27rrhdr? Integrate your 

\ oJI\ expression to find the total energy stored in the capacitor and compare your result with 

tJ-0- \)J that obtained using U E = (I 12)C(L'lV)' . 

Problem 2: Experiment 2 Faraday Ice Pail Predictions 
A. Prediction: Charging by Contact Sketch your prediction for the graph of 
potential difference vs. time for part 2 of thi s experiment. Indicate the following events 
on the time axis: 

(a) Insert positive charge producer into pail 
(b) Rub charge producer against inner surface of pail 
(c) Remove charge producer 

B. Prediction: Charging by Induction Sketch your prediction for the graph of 
potential difference vs. time for part 3 of this experiment. Inciicate the following events 
on the time axis: 

(a) Insert positive charge producer into pail 
(b) Ground pail to shield 
(c) Remove grounci contact between pail and shi eld 
(d) Remove charge producer 

PS04-2 



Problem 3: Electrostatic Shielding 

Part of the lab thi s week in vo lves shielding. We have a visuali zation to he lp yo u better 
understand thi s. Open it up: 

h ltp://web. m i l.cd "Iv iz/ E iVI /v isua I izationsie Icctrostalics/Charc in!!. B v I nel ucl iOll/sh ie ld i ng/sh 
ieldin l.! .htm 

and play w ith it for a while. You can move the charge around the outside of the shie ld 
(or even inside) us ing the parameters "~12£" and "angle pc." You can change whi ch 
fi e ld you are looking at - the ~tal _fie ld , just the fi e lOOi'tile external charge (" Free 
charge") or just the field ofthe induced charge (on the shie ld) . 'You can visualize it with 
grass seeds or di splay eq uipotenti a l streaks by click in g " Electric Potentia l." 

Below are three captured images. I' ve blanked out th e center so that yo u can ' t see what 
is go ing on inside the conductor. For each describe where the charge is (ROUG H angle 
and distance), tell wheth er I am looking at fie lei lines (grass seeds) or equipotential 
streaks (" Electri c Potenti a l") and indicate whether I am do ing so for the tota l field , or just 
the external or induced field. Also briefly exp lain HOW you know thi s (not just " I looked 
around until I was ab le to repeat the pattern"). 

PS04-3 



Problem 4: Parallel Plate Capacitor 

A potential difference Yo is applied across the plates of a parallel-plate capacitor res ulting 
in charges +Qo and - Qo on the plates. The source of the potential difference is then 

disconnected from the pl ates. You then halve the di stance between the plates. What 
happens to 

a) the charge on the plates? 

b) the electr ic field? 

c) the energy stored in the electric field ? 

d) the potenti al? 

e) How much work did you do in halv ing the di stance between the plates? 

Problem 5: Human Capacito r 

What, approximately, is the capacitance of a typi ca l MIT student? Check out the ex hibit 
in Strobe All ey (4'" fl oor of buildin g 4) for a hint or just to check your answer. 

PS04-4 
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8.02 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Dcpartment of Physics 

Problem Set 4 Solution 

Problem 1: Experimcnt: Expt. 2: Faradav Icc Pail 

Capacitance of our Experimental Set-Up 

Spring 2010 

Part 1 Consider two nested cy lindrica l conductors of he ight "and rad ii a & b 
respecti vely. A charge +Q is evenly d istributed on the outer surface of the pail (the inner 
cylinder), -Q on the inner surface of the shi e ld (the outer cylinder). 

~---- h 

+Q b 

.Q 

(a) Calculate the e lectric field between the two cy linders (a < I' < b) . 

For this we use Gauss 's Law, w ith a Gaussian cy linder of raditls 1', he ight I 

(b) Calculate the potential difference between the two cy linders: 

The potential di rrerence between the outer shell and the inner cy linder is 

nV = Veal -V(b) = - } Q dr' = -..iL.. ln 1"1" = ..iL.. In (':..) 
b 27fr'£0" 27f£0" b 27f£0" a 

(c) Ca lculate th e capac itance of thi s system, C = QILlV 

C = I Q I = I Q I 2m:)? 

InVI JQL ln ('!..) In (t:..) 
2m:oh a a 
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(d) N umerica lly evaluate the capac itance for your experimenta l setup, g iven: 

h '" 15 cm, a '" 4.75 cm and b '" 7.25 cm 

C = 21TC)1 I 15 cm '" 20 pF 

In (~ ) 2·9 x I0· m F·
1 

In ( 7.2: cm ) 
a 4.7) cm 

e) Find the e lectric fi e ld energy density at any po int between the conducting 
cylinders. How much energy resides in a cylindrica l she ll between the conductors o f 

radius r (w ith a < I' < b), height h , thickness dr , and volume 2m'h dl'? Integrate your 

expression to find the tota l energy stored in the capacitor and compare your result with 

that obta ined lIs ing V" = (1/ 2)C(t-V)' . 

The total energy stored in the capac itor is 

Then 

( )' , I Q hQ- dr 
dV = lI , .. dV = -co 21Trh dl' = - --

. 2 21T/'Coh 41TCo I' 

Integrating we find that 

From part d) C = 21TC. h I ln(b I a) , therefore 

which agrees with that obta ined above. 
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Part 2 Experimental Predictions 

A. Prediction: Charging by Contact 
Sketch you r predicti on for the graph of potenti a l di ffe rence vs . time for part 2 of this 
experiment. Indicate the following events on the time axis: 

(a) Insert pos itive charge producer into pa il 
(b) Rub charge prod ucer aga inst inner sur face of pail 
(c) Remove charge producer 

Solution: 

J ,J 
(a) 

Rub 

I picture the potential droppi ng a I ittle as you remove the charge producer because it is 
likely that you still have some charge on the producer when yo u remove it (the transfer 
wasn' t perfect) . 

B. Prediction: Charging by Induction 
Sketch your predicti on for the graph af potential difference vs. time for part 3 of this 
experiment. Indicate th e fo llowing events on the time axis: 

(a) Insert positive charge producer into pail 
(b) Ground pail to shi e ld 
(c) Remove ground contact between pail and shield 
(d) Remove charge producer 

So lution: 

Q) <f> 
U ~ 
C Q) 
Q)"O 

~~ o u 0.0 +-__ --' 
~ill 
- Q) 
C ;: 

2-w 
ci'.rn 

In sert 

(a) 

Remove 
'------;.,--------:----, 

Unground 

(b) (c) 
Time 

(d) 

PS04-3 



Problem 2: Electrostatic Shielding 

Part of the lab thi s week involves shi e lding. We have a visuali zation to help you better 
understand thi s. Open it up: 

http ://we b. mit. ed ulv i z/E M /v i sua I izations/e I ectrostat i cs/C h a rg i n Q B v Ind uct i on/sh i e lui n!!./ sh 
ieldilH.!.htm 

and play with it for a whil e. You ca n move the charge around the outs ide of the shie ld 
(or even ins ide) using the parameters " radius pc" and "angle pc ." You can change which 
fi e ld you are looking at - the tota l field , just the field of the externa l charge ("Free 
charge") or just the fi e ld of the induced charge (on the shie ld) . You can visuali ze it with 
grass seeds or di splay eq uipotentia l streaks by c lick in g " Electri c Potential." 

Below are three captured images. I' ve blanked out the center so that yo u can' t see what 
is go ing on in side the conductor. For each describe where the charge is (ROUGH angle 
and distance), tell whether I am looki ng at fi eld lines (grass seeds) or eq uipotenti a l 
streaks (" Electric Potential") and ind icate whether I am doing so for the total fi e ld, or just 
the external or induced field. A lso brie fl y explain HOW you know thi s (not just " I looked 
around until I was ab le to repeat the pattern"). 

(a) These are e lectric fields lines (grass seeds) of the entire field. We can te ll because 
they come in perpendicular to the equipotential surface of the conductor, whi ch is 
only true for the total field (not the indi vidual parts). The charge is c learly below the 
conductor (0 = 270°) and just off the screen (R = 11 .5). 

(b) I-Iere the lines are ne ither perpendicular nor parallel to the conductor, so it can ' t be for 
the entire fi eld. They loop around, look ing like a dipo le, so they are associated with 
the induced charges, not the external charge. Are they fi eld lines or equipotentials 
though? Without seeing the center thi s is non-trivial. If the charge were be low, the 
field lines would look very much like thi s. But s ince the left and ri ght " lobes" are not 
symmetri c, it must be equipcitentials created by a charge on the left (R = 6, 0 = 180°) . 

(c) Thi s one is eas ier. The lines wrap around the conductor, so th ey are clearly 
eq uipotenti a l lines assoc iated with the ent ire field . The charge is on the ri ght (R= II , 
8=0°) 
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Problem 4: Parallel Plate Capacitor 

A parallel-plate capac itor is charged to a potential Yo, charge Qo and then d isconnected 
from the battery. The separation of the plates is th en hal ved. What happens to 

(a) the charge on the plates? 
No Change. We aren't attached to a battery, so the charge is fixed. 

(b) the e lectri c field? 
No Change. The charge is constant so, in the planar geometry, so is the fi e ld. 

(c) the energy stored in the e lectric field? 
Halves. The volume in which we have fi e ld ha lves, so the energy does too. 

(d) the potential? 
Halves. V= Ed, so if d hal ves, so does V 

(e) How much work did you do in hal ving the distance between the plates? 
The work done is the change in energy. Energy, g iven the charge and potential , is: 

U =tcv ' = tQV 

The energy hal ves, so the change is half the initial energy: IW = 6.U = -tQoVol 
Notice the s ign - you did negative work bringing the plates together because th at is the 
way they naturally want to move; the field did positi ve work. 

Problem 5: Human Capacitor 

What, approximately, is the capacitance of a typica l MIT student? Check out the exhibit 
in Strobe Alley (41h floor of building 4) for a hint or just to check your answer. 
There are lots of ways to do this. The note in strobe alley tells us to use a cy linder of 
dimensions such th at when fill ed wi th water it would be your mass . Persona ll y I feel 
more like a sphere, of which we have already ca lcul ated the capaci tance in c lass. A ll I 
need to know is my rad ius, C/. As a first approx imation, probably it ' s a meter (I ' m 
certainly less than 10m and more than 10 cm). So my capacitance should be about: 

C " 4JrcoC/ " Im / 9 x I 0' F"I m " 100 pF 

Not a bad approximation - according to the measurement I' m really - 170 pF. 
Note that for simplic ity I used the va lue for kE rather than EO. Always look for ways to 
recombine constants into things that yo u know. 

PS04-5 



MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Depa rtment of Physics 

8.02 

Experiment 2 Solutions: Faraday Ice Pail 

EXPERIMENTAL SETUP 
I. Download the LabView fi le from the web and save the file to your desktop (right 

c lick on the link and choose "Save Target As" to the desktop. Overwrite any file by 
this name that is a lready there). Start LabV iew by doub le c li ck ing on thi s file. 

2 . Using the mUlti-pin cab le, connect the Charge Sensor to Ana log Channel A on the 
750 Interface. The cab le runs from the left end of the sensor (i n Fig. 5) to Chan nel A. 

3. Connect the lead assemb ly to the BNC port on the Charge Sensor (right end of the 
sensor in Fig. 5). Line up the connector on the end of the cab le w ith th e pin on the 
BNC port. Push the connector onto the port and twist it c lockwise about one-quarter 
turn until it cli cks into place. Set the Charge Sensor ga in to Ix. 

4. Connect the charge senso r input lead (red a lli gato r c li p) to the pail (the inner wi re 
mesh cy linder), and the grou nd lead (black alli gator c lip) to th e shield (the outer wire 
mesh cy linder). 

MEASUREMENTS 

Important Notes: 

The charge producers are delicate. When rubbing them together do so briskly but gently. 

Each experiment should begin with complete ly d ischarged cy linders. To discharge 
them , gro und the pail by touching both it a nd the shield at the same time with a 
conductor (e.g. the finger of one hand). You also will always want to ze ro the charge 
sensor before starting by pressing the "Zero" button. 

Finally, note that the amou nt of charge measured is sma ll and hence the re w ill be 
fluctuations in the s ignal as we ll as small featu res due to the person hold ing the charge 
producers. In answer ing questi ons foc us on the BIG features (sign of potential, ... ) not 
the noise. 

Part 1: Polarity of the Charge Producers 

I. Ground the pai I and zero the charge sensor 

2. Start record ing data. (Press the green "Go" button above the graph). 

3. Rub the blue and white surfaces of the charge producers together several times. 

4. Without touching the pail , lower the white charge producer into the pai l. 

5. Remove the wh ite charge producer and then lower in the blue charge producer 

Question 1 (Don't forget to submit answers in the softwa re! ): 

What are the polarities of the white and the blue charge prod ucers? 

I The white producer is positi ve, the blue producer negative 
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Part 2: Charging By Contact 

Part 2A: Us ing the White Charge Producer 

I. Ground & zero; Start recording ; Rub the producers 

2. Lower the IVhile charge producer into the pai I 

3. Rub the charge producer aga inst the inner surface of the pail 

4. Remove the charge producer 

Question 2: Sketch the plot of vo ltage vs. time and indicate th e charge on the inner and 
outer surfaces of the pail after each of the above steps 

Answer: 

Rub 

(b) 
Time 

Charge on inner & outer surfaces of the inner cy linder (indicate sign, and use a variab le 
like q for non-zero magnitudes) 

A fter Step I: Qinncr = 0 Qoulcr = 0 

After Step 2: Qinner = -q Qoulcr = q 

After Step 3: Q inner = -0.1 q Qoulcr = q 

After Step 4: Qinncr = 0 Qo",", = 0.9 q 

Part 2B: Using th e Blue Charge Producer 

I. Ground & zero; Start recording; Rub the producers 

2 . . Lower the blue charge producer into the inner cy linder 

3. Rub the charge producer against the inner surface of the inner cy linder 

4. Remove the charge producer 

Question 3: 

What happens to the charge on the pail when you rub it with the blue charge prod uce r? 

You transfer negative charge to the pa il , which neutra li zes some of the pos iti ve charge 
th at had been attracted th ere by the negative charge. 
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Part 3 : C harging Bv Induction 

Pa rt 3A: Us ing the W hite C harge P roducer 

I. Ground & zero; Start record in g; Rub the producers 

2. Lower the white charge producer into the pa il , wi thout touching it 

3. Ground the pa il by connecting it to the shie ld with your finger 

4. Remove the ground connecti on (your fin ge r) 

5. Remove the charge prod ucer 

Question 4: 

Sketch the plot of voltage vs. tim e and ind icate the charge on the inne r and outer sur faces 
or the pail after each of the above steps 

Answer: 

aJ "' Ll ~ Ground c: aJ 
aJ -O 

I I 
~ c: 
~3. Remove 0 0 0.0 
- c: 
. ~ (() Inse rt Unground 
- aJ c: ~ 
2Qj 

(a) (b) (c) (d) ~CD 
Time 

Charge on inner & outer surfaces of the inner cy li nder (ind icate s ign, and use a variab le 
li ke q fo r non-zero magnitudes) 

A fte r Step I : Qinncr = 0 Qoutcr ;;:::; 0 

After Step 2: Qinncr = -q Qoutcr = q 

After Step 3: Qillllcr = -q Qoulcr = 0 

After Step 4 : Qinncr = -q Qoutcr = a 
After Step 5: Q inncr = 0 Qoutcr = -q 

3B: Using the Blue Charge Producer 

I . Ground & zero; Start record ing; Rub the producers 

2. Lower the white charge producer into the pa il , without touching it 

3. Ground the pa il by connecting it to the shie ld with your finger 

4. Remove the ground connecti on (your finge r) 

5. Remove the charge prod ucer 

E02-3 



Question 5: 

What happens to the charge on the pail when you do the above steps? 

You end up induc ing a pos iti ve charge on the inner pail (it is pulled over through your 
finger from the shield when the negati ve blue producer is in the pail) . 

Part 4: Testing the shield 

I . Ground & zero; Start recording; Rub the producers 

2. Bring the white charge producer to just outs ide the shie ld (the outer cy linder) 
Do Not TOllch it! 

3. Repeat, bringin g the blue charge producer just outs ide the shie ld. 

Question 6: 

What happens to the charge on the pail when the white charge producer is placed just 
outs id e the shi eld? Will an induced charge di stribution appear on the pail? Exp la in your 
reason ing. Will an induced charge di stribution appear on the shie ld? Are we sensiti ve to 
thi s? What about the blue charge prod ucer? 

Because the pail is shie lded by th e shie ld, a lmost no charge will appear on the pail. 
There w ill be an induced charge separation on the shie ld (with negative charges running 
towards the white charge producer), but because this is all on the o utside of the shie ld we 
are not at all sensit ive to it in our measurement. The same is true of the blue charge 
producer. 

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

• What happens if we repeat the above measurements with the ground (black c lip) 
attached to the pai l and the red clip attached to the shi eld? Does anything change 
aside from the sign of the vo ltage di fference? 

• What happens ifin part 2 we touch the charge producer to the outside of the pail 
rather than the inside? 

• What happens if we place the charge producer between the pail & shi eld rather than 
inside the pa il ? 

• What happens if we put both the white & blue charge producers ins ide the pail 
together (not touching, just both inside). Is the cance llati on exact? Should it be? 

• What if in part 2 we touch the white prod ucer and then the blue producer to the pail? 
What if we touch the white producer, then recharge it and touch again? Doing this 
repeatedly, is there a difference between touching the in s ide of th e pail and the 
outs ide or the pail ? 
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Summar.1 of Class 11 8.02 
3/r 

Topics: Electrostatic Shielding 
Related Reading: Course Notes: Sections 4.3--1.4 ; 5.5, 5.9, 5.10.2 
Experiments: (2) Farada y Ice Pail 

Topic Introduction 

Today we return to our discussion of conductors & capacitors, now focusing on the idea of 
electrostatic shielding by conductors. This is also the focus of our next lab, the Faraday Ice 
Pail experiment. 

Conductors & Shielding 
\ Last class we noted that conductors were equipotential surfaces, and 
'c--·i. that all charge moves to the surface of a conductor so that the electric 

, "-, -. / field remains zero insig.,e. Because of this, a hollow conductor very 
-"~:-L' '/ .,- effectively separates its inside from its outside. For example, when 
_ _ -~-.'-::~ __ .!" -. charge is placed inside ofa hollow conductor an equal and opposite 

/ .' charge moves to the inside of the con Ud.or.J_Wield it. This leaves an 
.. - -. ~£~ '_ . 

"" . _'; equal amount of charge on the outer surface of the conductor (in order 
to maintain neutrality). How does it arrange itself? As shown in the -picture at left, the charges on the outside don't know anything about 

what is going on inside the conductor. The fact that the electric field is zero in the conductor 
cuts off communication between these two regions . The same would happen if you placed a 
charge outside of a conductive shield - the region inside the shield wouldn't know about it. 
Such a conducting enclosure is called a Faraday Cage, and is commonly used in science and 
industry in order to eliminate the electromagnetic noise ever-present in the environment 
(outside the cage) in order to make se ~itive measurements inside the cage, . 

o k ell{) I _ c ~v(aes a A. re d ~ I (.I,j@ ~ I 

Experiment 2: Faraday Ice Pail 
Preparation : Read pre-lab reading 

J ""~ -P) 

In this lab we will study electrostatic shielding, learning how charges move on conductors 
, when other charges are brought near them. T e idea of the experiment is quite simple. We 

will have two cQ.ncentric cyJilli!ri>:al£~g~.~.~nd can measure the potential difference between 
them. We can bring charges (positive or negative) into any of the three regions created by 
these two cylindrical cages. And finally, we can connect either cage to "ground" (e .g. the 
Earth), meaning that it can pull on as much charge as it wants to respond lOYour moving 
around charges. The point of the lab is to get a goodUffiletstanding ofwna! tfie responses are 
to you moving around charges, and how the potential difference changes due to these 
responses. 

Surnn1ary fo r Class II p. 1;2 
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Summary of CI ~ ' s I I 8.02 

Di electrics 

A dielectri c is a piece of material that, when inserted into an electric field, has a reduced 
electric field in itS-interior. Thus, if a dielectric is placed into a capaci tor, the electric field in 
that capacitor IS reduced, as is hence the potential difference between the plates , thus 
increasing the capacitor' s capacitance (remember, C '" Q/I f:.V I). The effectiveness of a 

dielectric is summarized in its "dielectric constant" K. The larger the dielectric constant, the 
more the field is reduced (paper has K=3.7, Pyrex K=5.6). Why do we use dielectrics? 
Dielectrics increase capacitance, which is something we frequent ly want to do, and can also 
prevent breakdown inside a capacitor, allowing more charge to be pushed onto the plates 
before the capacitor "breaks down" (before charge jumps from one plate to the other) . 

----~ 

v 
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics 

8.02 

Experiment 2: Faraday Ice Pail 

OBJECTIVES 

I. To explore the charging of objects by friction and by contact. 
2. To explore the charging of objects by electrostatic induction. 
3. To explore the concept of electrostatic shielding. 

PRE-LAB READING 
INTRODUCTION 

When a charged object is placed near a conductor, electric fields exert forces on the free 
charge carriers in the conductor which cause them to Q\i.e. This process occurs rapiifly, 
and ends when there is no longer an electric field inside the conductor (Einsidc conducto,=O) . 

The surface of the conductor ends up with regions where there IS an excess of one type of 
charge over the other. For example, if a positive charge is placed near a metal, electrons 
will move to the surface nearest the charge, leaving a net positive charge on the opposite 
surface!. This charge distribution is called an induced charge distribution. The process 
of separating positive from negative charges on a conductor by the presence of a charged 

object is called electrostatic induction. L+ 51 tI( +o-k I -- 0 
Michael Faraday used a metal ice pail as a conducting object to study how charges 
distributed themselves when a charged object was brought inside the pail. Suppose we 
lower a positively charged metal ball into the pail without touching it to the pail. When 
we do this, positive charges move as far away from the ball as possible - to the outer 
surface of the pail - leaving a net negative charge on the inner surface. If at this point we 
provide some way for the positive charges to flow away from the pail, for example by 
touching our hand to it, they will run off through our hand. If we then remove our hand 
from the pail and then ..remove t~e-p.ositiy.el' char ed etaLbaU. rrom. inside..the..p.ail,_ the 
pail will be left with a net negative charge. This is called charging by induction,_ --------- _ ....... 

In contrast, if we touch the positively charged ball to the uncharged pail, electrons flow 
from the pail into the ball, trying to neutralize the positive charge on it. This leaves the 
pail with a net positive charge. This is called charging by contact. G 1Y -7 
Finally, when a positively charged ball approaches the ice pail from outside of the pail, 
charges will redistribute themselves on the outside surface of the pail and will exactly 
cancel the electric field inside the pail. This is called electrostatic shielding. 

(,' 11 " 

@EJ 
!:I. r 

. oJ" ".71 
(/-I " .. A 
'(.1 _<:;, 

:" or r:, "'1 
..5, r \.y ' ;. 

70$ r;, 4. ,_ r , ' f '(Ju rf fl1IM' a 6A. r 
I We will typically say that "positive charge flows outward" even though in metals it's really electrons I" 
moving inward. This is a completely equivalent way of thinking about it for our purposes. 

;~5 h e I ((\ IU'J j h~·1 ("ov( 
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You will investigate all three of these phenomena- charging by induction, charging by 
contact, and electrostatic shielding- in this experiment. 

The Details: Gauss's Law 

In the above situations, the excess charge on the conductor resides entirely on the surface, 
a fact that may be explained by Gauss ' s Law. Gauss's Law2 states that the electric flux 
through any closed surface is proportional to the charge enclosed inside that surface, 

diJ E·dA= q", . 
closed 8 0 

(2.1) 

surface 

Consider a mathematical, closed Gaussian surface that is inside the ice pail: 

Figure 1 Top View of Gaussian surface for the Faraday Ice Pail (a thick walled cylinder) 

Once static equilibrium has been reached, the electric field inside the conducting metal 
walls of till . ce pail . s zero. Since the Gaussian surface is in a conducting region where 
there is zero electric field, the electric flw( through the Gaussian surface is zero. 
Therefore, by Gauss's Law, the net charge inside the Gaussian surface must be zero. For 
the Faraday ice pail, the positively charged ball is insid.e th~aussian surface. Therefore, 
there must be an additional induced negative charge on the inner SUrface of the ice "pail 
that exactly cancels the positive charge on the ball. It must reside on the surface because 
we could make the same argument with any Gaussian surface, including one which is just 
barely outside the inner surface. Since the pail is uncharged, by charge conservation 
there must be a positive induced charge on the pail which has the same magnitude as the 
negative induced charge. This positive charge must reside outside the Gaussian surface, 
hence on the outer surface of the ice pail. 

Note that the electric field in the hollow region inside the ice pail is not zero due to the 
presence of the charged ball, and that the electric field outside the pail is also not zero, 
due to the positiye charge on its outer surface. 

2 For more details on Gauss's Law, see Chapter 4 of the Course Notes , Section 4.3 for info on conductors. 
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Now suppose the ice pail is connected to a large conducting object ("ground"): 

Figure 2 Grounding the ice pail (left) and after removing the ground & ball (right) 

Now the positive charges that had moved to the surface of the ice pail can ge~ 
further away from each other by flowing into the ground. Now that there are no charges 
on the outer surface of the pail, the electric field outside the ail is zero and the pail is at 
the same "zero" potential as the ground (and infinity). If the wIre to ground is then 
disconneCteQ,1 e paiiw ilr be le"ffwitJi an ovenill negative charge. Once the positively 
charged ball is removed, this negative charge will redistribute itsel(over the outer surface 
of the pail. JA c----....

I 
Q-c e 0 1/ t? .I ,. 

n{j~ ... , I{} n ' . "coM 1"\0 vP G • 

Finally, when a charged ball approaches the ice pail from outside of the pail, charges will 
redistribute themselves on the outside surface of the pail while the electric field inside the 
pail will remain zero, cUkiff from any knowledge of what is going on outside by the r 
enforced zero electric field inside the conductor. This effect is called shielding or I wit~ 
"screening" and explains popular science demonstrations in which a person sits safely ~ r ", '" I 

inside a cage while an enormous voltage is applied to the cage. This same effect explains -~~ 
why metal boxes are used to screen out undesirable electric fields from sensitive 
equipment. 

APPARATUS 

l.lce Pail 

Our primary apparatus consists of two concentric 
wire-mesh cylinders. The inner cylinder (the "pail") 
is electrically isolated by three insulating rods. The 
outer cylinder (the "shield") will be attached to 
ground - charge can flow to or from it as necessary. 
This cylinder will act both as a screen to eliminate 
the effect of any external charges and other external 
fields and as a "zero potential" point, relative to 
which you will measure the potential of the pail. 

Figure 3 The Ice Pail 
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2. Charge Producers 

To replace the positively charged metal ball of Faraday's experiment, you will use charge 
producers (Figure 4). When rubbed together a net positive charge will move to one of 
them and a net negative charge to the other. -----
~ 

Figure 4 One of two charge producers (the other has a blue charged pad) 

3. Charge Sensor 

The Charge Sensor does not directly measure charge, but instead measures the voltage 
difference between its positive cl)..and-negati¥e. (black.) leads. Furthermore, it connects 
the black lead to ground, meaning that as much charge-Can-.f1.ow into or out of that lead as 
is necessary to keep it at "; ero potential" (ideally the same voltage as at infinity). 

Figure 5 Charge Sensor - measures voltage difference between its red and black leads. 
Left: Shown attached to the lead assembly. Right: The gain switch (used to amplify 
small signals) should be set at I. The zero button sets the output signal to zero. 

~ 

The red lead is free to be at any potential, although by pushing the "zero" button on the 
sensor (Fig. 5, right), it too can be attached to ground (the potential difference between 
the red and black leads is set to zero). 

Even though this is really a potential difference sensor, we none-the-less call it a "Charge 
Sensor" because the voltages measured arise from the resence of charges on the ice pail. 

E07-4 



GENERALIZED PROCEDURE 

This lab consists of four main parts. In each you will measure the voltage between the 
inner and outer cylinder to determine what is happening on the inner cylinder. 

Part 1: Determine Polarity of (Sign of Charge on) Charge Producers 
Here you will lower the charge producers into the center of the pail (the inner cylinder) 
and determine which producer is positively charged and wJ:.iCfi IS negatively charged 

Part 2: Charging by Contact 
You will now rub the charge producer against the inner surface of the pail and see if the 
charge is transferred to it. 

Part 3: Charging by Induction 
In this part you will not let the charge producer touch the pail, but will instead briefly 
ground the pail by connecting it to the shield (the outer cylinder) while the charge 
producer is inside. Then you will remove the charge producer and observe the induced 
charge on the pail. 

Part 4: Electrostatic Shielding 
In this part you will measure the effects of placing a charge producer outside of the 
grounded shield. 

END OF PRE-LAB READING 
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IN-LAB ACTIVITIES 

EXPERIMENTAL SETUP 
1. Download the LabView file from the web and save the file to your. desktop (right 

click on the link and choose "Save Target As" to the desktop. Overwrite any file by 
this name that is already there). Start LabView by double clicking on this file . 

2. Using the multi-pin cable, connect the Charge Sensor to Analog Channel A on the 
750 Interface. The cable runs from the left end of the sensor (in Fig. 5) to Channel A. 

3. Connect the lead assembly to the BNC port on the Charge Sensor (right end of the 
sensor in Fig. 5). Line up the connector on the end of the cable with the pin on the 
BNC port. Push the connector onto the port and twist it clockwise about one-quarter 
tum until it clicks into place. Set the Charge Sensor gain to Ix. 

4. Connect the charge sensor input lead (red alligator clip) to the pail (the inner wire 
mesh cylinder), and the ground lead (black alligator clip) to the shield (the outer wire 
mesh cylinder). 

MEASUREMENTS 

Important Notes: 

The charge producers are delicate. When rubbing them together do so briskly but gently. 

Each experiment should begin with completely discharged cylinders. To discharge 
them, ground the pail by touching both it and the shield at the same time with a 
conductor (e.g. the finger of one hand). You also will always want to zero the charge 
sensor before starting by pressing the "Zero" button. 

Finally, note that the amount of charge measured is small and hence there will be 
fluctuations in the signal as well as small features due to the person holding the charge 
producers. In answering questions focus on the BIG features (sign of potential, ... ) not 
the noise. 

Part 1: Polarity of the Charge Producers 

1. Ground the pail and zero the charge sensor 

2. Start recording data. (Press the green "Go" button above the graph). 

3. Rub the blue and white surfaces ofthe charge producers together several times. 

4. Without touching the pail, lower the white charge producer into the pail. 

5. Remove the white charge producer and then lower in the blue charge producer 

Question 1 (Don't forget to submit answers in the software!): 

What are the polarities of the white and the blue charge producers? 

Note: There may be some variations in this from group to group. 

((/2-1. 7 
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Part 2: Charging By Contact 

Part 2A: Using the White Charge Producer 

1. Ground & zero; Start recording; Rub the producers 

2. Lower the white charge producer into the pail 

3. Rub the charge producer against the inner surface of the pail 

4. Remove the charge producer 

Question 2: Sketch the plot of voltage vs. time and indicate the charge on the inner and 
outer surfaces of the pail after each of the above steps 

Answer: 51;.,,1/, '1 
.-'7 I T 

tJ.V r I 

~\ ( 110 c A~'.Je 

,},J .... .P 

, 
I" fo/chl fViJ delo.rh (} Ji- time 

Charge on inner & outer surfaces of the inner cylinder (indicate sign, and use a variable 
like q for non-zero magnitudes - do NOT simply record numerical values) 

After Step I: Qinncr= 0 , 
After Step 2: 

After Step 3: 

After Step 4: 

Part 2B: Using the Blue Charge Producer 

Q outcr= 0 
QQu'cr = + q 
QQu!cr = I- t 
QQu!cr=} q 

I. Ground & zero; Start recording; Rub the producers 

2. Lower the blue charge producer into the inner cylinder 

3. Rub the charge producer against the inner surface of the inner cylinder 

4. Remove the charge producer 

Question 3: 

What happens to the charge on the pail when you rub it with the blue charge producer? 

tQ~~/rl!1o d~}'~ CJt.fr 
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Part 3: Charging By Induction 

Part 3A: Using the White Charge Producer 

10 Ground & zero; Start recording; Rub the producers 

20 Lower the while charge producer into the pail, without touching it 

30 Ground the pail by connecting it to the shield with your finger 

4. Remove the ground connection (your finger) 

5. Remove the charge producer 

Question 4: 

Sketch the plot of voltage vs. time and indicate the charge on the inner and outer surfaces 
of the pail after each of the above steps 

Answer: 

/::,.v 

/ 1] -/ov<:h 
f~ ils 

\ 

time 

Charge on inner & outer surfaces of the inner cylinder (indicate sign, and use a variable 
like q for non-zero magnitudes - do NOT simply record numerical values) 

After Step 1: Q;nner = 0 Qouter = 0 
After Step 2: Qinner = -ct Qoutcr = +-Cj; 
After Step 3: Qinner = 

~ 
Qoutcr = 0 ) g(@..-l1d{ ~ 

After Step 4: Qinner = Qoutcr= 0 
After Step 5: Qinncr = QOUlcr= -~ iq, 
3B: Using the Blue Charge Producer 

I. Ground & zero; Start recording; Rub the producers 

2. Lower the blue charge producer into the pail, without touching it 

3. Ground the pail by connecting it to the shield with your finger 

4. Remove the ground connection (your finger) 

5. Remove the charge producer 

E07-9 



Question 5: 

What happens to the charge on the pail when you do the above't"'st""e""ms~? ____ _ 

\ 

I 

Part 4: Testing the shield 

I. Ground & zero; Start recording; Rub the producers 

2. Bring the white charge producer to just outside the shield (the outer cylinder) 
Do Not Touch it! 

3. Repeat, bringing the blue charge producer just outside the shield. 

Question 6: 

What happens to the charge on the pail when the white charge producer is placed just 
outside the shield? Will an induced charge distribution appear on the pail? Explain your 
reasoning. Will an induced charge distribution appear on the shield? Are we sensitive to 
this? What abo)!t the blue charge producer? 

Ilr ./"trill j,;e, I I . I 
1'0 C ~{\0~ - no I Jv~td ( 'v'( gt J 1-51 r, rJv i 10/1 

~~i~ l I 1/' I. /'\ I 1k ~ ~'J flc{~.> btl-- ~I'J (JO t' l /f- U 

No ; 11 ~ va l c fur e Q J' j (;Lf( '" () '1 9Jf: IG '. r 

~orrt (or hi) ( 
I' t IC !J fi>V!:lfrj 

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

• What happens if we repeat the above measurements with the ground (black clip) 
attached to the pail and the red clip attached to the shield? Does anything change 
aside from the sign of the voltage difference? 

• What happens if in part 2 we touch the charge producer to the outside of the pail 
rather than the inside? 

• What happens if we place the charge producer between the pail & shield rather than 
inside the pail? 

• What happens if we put both the white & blue charge producers inside the pail 
together (not touching, just both inside). Is the cancellation exact? Should it be? 

• What if in part 2 we touch the white producer and then the blue producer to the pail? 
What if we touch the white producer, then recharge it and touch again? Doing this 
repeatedly, is there a difference between touching the inside of the pail and the 
outside of the pail? 

E07-10 
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Class 11 : Outline 

Hour 1: 
Last Time: Conductors 
Conductors as Shields 
Expt. 2: Faraday Ice Pail 

Hour 2: 
Capacitors & Dielectrics 

Last Time: 
Conductors 

Conductors in Equilibrium 

Conductors are equipotential objects: 

1) E = 0 inside (D-;)es V-o?) -
2) E perpendicular to surface 

3) Net charge inside is 0 

f .' ... . ,', .' 
.: : .. 

4) Excess charge on surface 

E= ;:;0 . .... 

• • .. ........ I: 
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Conductors as Shields 

PRS Question: 
Point Charge Inside Conductor 

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 
Q% 1. is zero and does not change 
Q% 2. is non-zero but does not change 
Qo/, 3. is zero when centered but changes 

Q% 4. is non-zero and changes 
Q% 5. I don't know -",oj. . 
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Hollow Conductors 

Charge placed INSIDE induces 
balancing charge ON INSIDE 

Hollow Conductors 

Charge placed OUTSIDE induces 
charge separation ON OUTSIDE 

Class 011 

PRS Questions: 
Point Charge 

Inside Conductor 

co"'e~ 
'11_1 SCiee',{.,J 
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PRS Setup 

What happens if we 
put Q in the center of 
these nested 
(concentric) spherical 
conductors? 

fl 0 II PR5: Hollow Conductors 

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

"""." hore "l'J.tdpJ;d--------------
0% ~ 0(i1) = 0(12) = -0: 0(01) = 0(02)= +0 
0% ~ 0(11) = 0(12) = +0; 0(01) = 0(02)= -0 

3. 0(11) = -0; 0(01) = +0; 0(12) = 0(02)= 0 
4. 0(11) = -0; 0(02)= +0; 0(01) = 0(12)= 0 

PR5: Hollow Conductors 

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

0:); iP5felt Iu~ t 
0% 1. Higher than at 11 

0% 2. Lower than at 11 
0% C) The same as at 11 7'1'z, 

Class 011 
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PRS: Hollow Conductors 

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

D% 1. Higher than at 11 

Do/, ~Lowerthan at 11 

D% ~ The same as at 11 

PRS: Hollow Conductors 

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

Do/, 1. from the inner to the outer conductor 

D'~ @) from the outer to the inner conductor 

Do/, 3. not at all 

PRS: Hollow Conductors 
You connect the "charge 
sensor's" red lead to the inner 
conductor and black lead to 
the outer conductor. What 
does it actually measure? 

0% 1. Charge on 11 
O'k 2. Charge on 01 
0% 3. Charge on 12 
0% 4. Charge on 02 
0% 5. Charge on 01 - Charge on 12 

ff /t.e. y Q if of f=::7(fJer/..-.41 / >I 
W¥~ : I>1f<14~3 ' 4 f f~hJIrt! dlff 
V(q) - (J (8) --:: -.if ods 

'>. ( i 

\ 

fO;~fj fo /.,wI".(' 
c[ t A ffJ l-fi f P If,? /"1 ( 

fha f ~ (o.ver p4f'7/rr 

\ 

0% 4D Average charge on inner - ave. on outer 

TS-°b 0% 7 Potential difference between outer & inner 
OY. . I don't know "" m 

Class 011 
lob 

? 
iJl.in:!, (Y\ecl.s.Jr~j 

f O 1(\ Is 5 



MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics: 8.02 

In Class W07D2-1 Solutions: Potential from Concentric Spheres 

Solution: 

Question: 
Two concentric hollow spherical conductors have inner and outer 
radii as pictured. A positive charge +Q (not pictured) is placed at the 
center of the setup. Sketch the electric potential everywhere. 

We know that the conductors act as equipotential surfaces . In order fo r th at to be the case, 
negative charges must be induced on the inner surfaces of both conductors (r = a and r = c) and 
by charge conservati on positive charges must be induced at their oute r sur faces (r = band r = eI). 
Everywhere e lse the e lectric field will be as from a point charge (1 Ir2) and hence the potential 
will decay as I l r. So, s ince a ll we need to do is sketch (rather than g ive exact equati ons, which 
you would need to ca lcu late by integrating from a known potenti a l - at r = 00), we have: 

v 

r 
where the ' terraces ' (the flat regions) are the equipotent ia l su rfaces of the two conductors, and 
everything else is changing as I l r. 

In Class Problem Solution C lass 19 (W07D2) p. I of I 



Demonstration: 
Conductive Shielding 

Visualization and Lab Prep: 

Experiment 2: 
Faraday Ice Pail 

;' { r,J hf{tti 01 fop - 110v q 

.3 CQIl dv.:;1pc s16t07 

, 
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PRS: Hollow Conductors 
You connected the "charge 
sensor's" red lead to the inner 
conductor and black lead to 
the outer conductor. What 
does it actually measure? 
O'k 1. Charge on 11 0.. 2. Charge on 01 
0% 3. Charge on 12 
0% 4. Charge on 02 
0% 5. Charge on 01 - Charge on 12 
0% 6. Average charge on inner - ave. on outer 
0% 7. Potential difference between inner & outer 
0% 8. I don't know 

Appendix: 
Dielectrics 

no" 

Demonstration: 
Dissectible Capacitor 

Class 011 7 



Dielectrics 

A dielectric is a non-conductor or insulator 

Examples: rubber, glass, waxed paper 

When placed in a charged capacitor, the 
dielectric reduces the potential difference 
between the two plates 

HOW??? 

Molecular View of Dielectrics 

Polar Dielectrics : ---Dielectrics with permanent electric dipole moments 

Example: Water 

Molecular View of Dielectrics 

Non·Polar Dielectrics 

Dielectrics with induced electric dipole moments 

Example: CH .. 

•••• •••• •• 0. 
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Dielectric in Capacitor 

II 

Potential difference decreases because 
dielectric polarization decreases Electric Field! 

Dielectric Constant 1( 

Dielectric weakens original field by a factor K 

c =KcO • E = EO 
\ielectric Constant __ K 

[Dielectric constants 

Vacuum 1.0 

Jk Paper 3.7 
Pyrex Glass 5.6 
Water 80 ",. 

Dielectric in a Capacitor 
Qo= constant after battery is disconnected 

{ ¢t ¢ 
Upon inserting a dielectric: V=v, 

/( 

C= Q =~=KQo =KC 
V Va/K Vo 0 

,Jl l1 
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Dielectric in a Capacitor 

Vo = constant when battery remains connected 

L 1 J: 1 
T

V, lC -T " 0 T - T _ _ L------' '-____ -' 

Upon inserting a dielectric: Q = KQo 

PRS Questions: 
Dielectric in a Capacitor 

PRS: Dielectric 

A parallel plate capacitor is charged to a total charge a 
and the battery removed. A slab of material with 
dielectric constant K in inserted between the plates. 
The charge stored in the capacitor 

~ ++++++++ 
r-----, 

~ 
K 

0% 1. Increases 
0% 2. Decreases 

.. k 3 . Sta s the Same 'u~ 

Class 011 10 



PRS Answer: Dielectric 

Answer: 3. Charge stays the same 

+ + + + + + + + 

K 

Since the capacitor is disconnected from a 
battery there is no way for the amount of 
charge on it to change. 

PRS: Dielectric -A parallel plate capacitor is charged to a total charge Q 
and the battery removed. A slab of material with 
dielectric constant 1( in inserted between the plates. 
The energy stored in the capacitor 

0% 

.. " 
0% 

+ + + + + + + + 

K 

1. Increases 
2. Decreases 

3. Sta s the Same 

PRS: Dielectric 

"IIU 

A parallel plate capacitor is charged to a total charge Q 

and the battery removed. A slab of material with 
dielectric constant 1C in inserted between the plates. 
The force on the dielectric 

00/0 

00/0 

D'" 

+ + + + + + + + 

K 

1. pulls in the dielectric 
2. pushes out the dielectric 
3. iszero 

Class 011 
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Group: Partially Filled Capacitor 

T 
, I 

_I ___ "'-

What is the capacitance of this capacitor? 

n •• 

Gauss's Law with Dielectrics 

qfree,in 

Class 011 12 



Summary of Class 12 8.02 

Topics: Current and Simple DC Circuits 
Related Reading: Course Notes: Sections 6.1·6.5; 7.1-7.4 

Topic Introduction 

In today's class we will review current, current density, and resistance and discuss how to 
analyze simple DC (constant current) circuits using Kirchhoffs Circui t Rules. 

-- - CiJYIVf/S~. tJ( c\tI\9? t e~1( 
Current and Current Density 
Electric currents are flows of electric charge. Suppose a collection 0L,charges is moving 
perpendicular to a surface of area A, as shown in the figure }i )_ ~ 11. 

(}II C (j((P/I /r; Q r' CJI 
1 - Civt\7 e 

,,+ -- ,+ _A '.;!' - On l, ,'I" c~00e r1e'1Si~i 
':,,' --: __ ' + -- (o~,fl/~f -e'«e~ 1 ;" 
+ -- :+ __ {q~~(dh..-

[vr(Pni The electric@,Q)'sdefined to be the rate at which charges flow across the areaA, If an 
, amount of charge !!.Q passes through a surface in a time interval !!.t, then the current I is 
I~ am ps !!.Q 

n n given by 1 = - (coulo hs. Rer second, or amps), The current density J (amps per square 
It (11 p,/f! M ( h'9 f _--=; 

I f ~ meter) is a concept closely related to current. The jIlagmfude onfi'eClrrrent ensity J! at any 
{ 10ft!. ~ro~9 ' point i'n space is the amount of charge per unit time per unit area flowing pass that point. 

0\ p ',1' j ,r That is , 131 = !!.Q . The current I is a scala; but 3 is a vector, the direction of which is the 

(l Lt.;1 of n""(1 M !!.A 51) (/ /Oltl{Jr 0 r(?('! f _ I S. direction of the current flow. J. L • 

- .5 Microscopic Picture of Current Density 
If charge carriers in a conductor have number density 11 , charge q, and a drift veloc!...ty 

then the current density 3 is the product of n, q, and v d' In Ohmic conductors, the drift 

velocity v d of the charge carriers is proportional to the electric fi eld E in the conductor. 

This proportionality arises from a balance between the acceleration due the electric field and 
the deceleration due to ccllisjgns between the charge carriers and the "lattice." In steady 

J 'f (h state these two terms balance each other, leading to a steady, drifU©QcitY. (a "terminal" 
~~I r 0 

velocity) proportional to it . This proportionality leads directly to the "microscopic" Ohm's 

(lp'V/ or --7 Law, which states that the cun'ent density 3 is equal to the electric field it times the 
CJrretl plr conductivity IJ . The conductivity IJ 0!1 material is equal to the inverse of its resistivity p . ~ hu,. />'p,~t 
vii (P ck j- :=-F-() o-=-J... 

{II "c.l , Current and Voltage f 
roY.; 5 {( ~' O>Electric currents (symbol!) are flows of electric charge (symbol Q, typ ically electrons, but 

because of sign conventions we will almost always consider positive charges). You can think 

Summary for Class 12 p. 1/3 
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~1 
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Summary of Class 12 8.02 

of charges moving as balls rolling on a mountain side. The height of this 'electronic 
mountain ' is the voltage (symbol V), so positive charges move to get down tlierriountain, 
rrom high to low potential. We will define these terms more accurately (and more 
mathematically) later in the course, but for the next several weeks you should try to gain a 
good conceptual feeling for how voltage and current is related and how circuit elements 
(resistors, capacitors and inductors) effect this relationship. 

Electromotive Force J., 
A source of electric energy is referred to as an electromotive force, or emf (symbol Ei ). 

Batteries are an example of an emf source. They can be thought of as a "£fu!rge pump" that 
moves charges from lower potential to the higher one, opposite the direction they would 
normally flow. In doing this, the emf creates electric energy (typically from chemical 
energy), which then flows to other parts of the circuit. The emf Ei is defined as the work 
done to move a unit charge in the direction of higher potential. The SI unit for Ei is the volt 

(V), i.e. Joules/coulomb. i hdHo/:es ~ (h~/~e pol;) \::) ...:) () 

Resistance & Ohm's Law 
The first circuit elements we will work are the battery and resistor (symbol R). If the battery 
is thought of as a "charge pump" we can continue the water analogy and think of the resistor 
as a pipe, through which the charge is flowing. A "hi!;Lh resistance" is a small pipe (one it is 
difficult to get through). A "low resistance" iS3J~~pe that is easy to get 
through. We will pretend that wires h'iive zero resistance, that is, that charges can 
freely move through them. Just like pressure drops in a pipe, H.", 
voltage drops in a resistor, as given by- Ohm's law: !'!.V~R. 
Another way to think of this is that if you want current to flow 
through a resistor you need to push on it (supply a potential 
difference across the resistor). ¥ 

Series 

_ Series vs. Parallel 

Parallel 

Now that we have batteries and resistors we can consider hooking them together to make 
circuits. When we do that we have two choices for hooking two elements together - they can 
either be hooked in series (with the 'end' of one hooked to the ' beginning' of the next) or in 
parallel (with the 'beginning' and 'end' of each element tied together). An example of light 
bulbs in series and parallel is show at right. For elements in series, any charges (current) that 
flow through one element must also flow through the second. In parallel the voltage drop 
across two elements must be the same (they are 'at the same height' at both their 'beginning' 
and 'end' and hence the drop across both must be the same). Using these ideas we will 
derive relationships for resistors in parallel and in series. Hmo'; '" e 

Kirchhofrs Circuit Rules 
In analyzing circuits, there are two fundamental (Kirchhoffs) rules: (I) The junction rule 
states that at any point where there is a junction between various current carrying branches, 
the sum of the currents into the node must equal the sum of the currents out ofthe node 

1'1 :- OJ)- oJ r<l .l1~k) 
Summary for Class 12 p.2/3 



Summary of Class 12 8.02 

(otherwise charge would build up at the junction); (2) The loop rule states that the sum of the 
voltage drops L'1 V across all circuit elements that form a closed loop is zero (this is the same 
as saying the electrostatic field is conservative). 

If you travel through a battery from the negative to the positive terminal, the voltage drop 
L'1 V is + Ei, because you are moving against the internal electric field of the battery; otherwise 
L'1 V is - Ei. If you travel through a resistor in the direction of the assumed flow of current, the 
voltage drop is -JR, because you are moving parallel to the electric field in the resistor; 
otherwise L'1 V is +JR. 

Important Equations 
Relation between J and 1: 

Microscopic Ohm' s Law: 

Macroscopic Ohm's Law: 
Resistance of a conductor with resistivity p, 

cross-sectional area A, and length I: 

Resistors in series: 

Resistors in parallel: 

Power: 

~ ~ 
@._--------_.- .- .. _-{j) 

" 

J= ffJ·dA 
J=O'E=Elp 

V=JR 

R=pIlA 

R eq =R\ +R, 
I I I 
-=-+­
R,q R\ R, 
P=L'1V 1 

\Jie,'1 l OflJveb/') d .re ({)M~deJ. -
~VVQ. (P /-ell t lei I (-tll.t1j k l'lvl '~ 

eqW111C0 I, 

:' c ,\ 1\ S h. ho,v V 9/1 11 :J f' 
( iw'gl'j 

L~O(d~ 

k CVr-
~ 

'c 
, 

l~ ptnpo ,.t ;or(} J . to 
(,\JiV) 

~({;<l ., -
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Class 12: Outline 

Hour 1: 

Current, Current Density, and 
Ohm's Law 

Hour 2: 

DC Circuits and Kirchhoffs Loop 
Rules 

Flow of Charge 

New Topics: Current, Current Density, 
Resistance, Ohm's Law 

Current: Flow Of Charge 

Average current Jav; Charge 60 
flowing across area A in time L\t 

Instantaneous current 
differential limit of J" 

II - ~Q I 
ov At 

.----to- +' _ . 
!I=dQ! . - , 

dt I I 

Units of Current: coulomb/50co1d = Arnpero 
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How Big is an Ampere? 

• Household Electronics -1 A 

• Battery Powered -100 rnA (1-10 A-Hr) 

• Household Service 100 A 

• Lightning Bolt 1 0 to 100 kA 

• To hurt you 40 (x;-rnA dC(Ab) 

• To throw you 60 (15) rnA DC(AC) 

• To kill you 0.5 (0.1 ~ DC(AC) 

• Fuse/Circuit Breaker 15-30 A 

Direction of The Current 
Direction of current is direction of flow of pos. charge - =====--
~ 

Current Density J 

J: currenUunit area 

~ t:tJ 
i points in direction of current 
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PRS Question: 
Current Density 

PRS: Current Density 
A current J = 200 rnA flows in the above wire. What is 
the magnitude of the current density J? 

.. " 1. J =40 mNcm 
0% 2. J=20mNcm 
0% 3. J = 10 mNcm 
0'" 4. J = 1 mNcm' 
O"k ,.3, J = 2 mAlcm2 

0% ~. J=4mNcm' 
0% 7. I don't know 

Why Does Current Flow? 

If a~ectric fiilc!}S set up in a conductor, charge 
will move (rna l ng a current in direction of E) ---I 0~e-r:.-'\ I 

e ....... : A ; ,. 
1\ 

e ..... 1 : , , 
\ ' , 

• E 
Note that when current is flowing, the CQ.!lQ..uctor is 

I( not an ~quipotential surface (and E,o.,,", " 0)0 
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~ 

Microscopic Picture 

E 

Drift speed is velocity forced by applied electric field 
in the presence of collisions. 

It is typically 4x1 0" misec, or 0,04 mmlsecond! 

To go one meter at this speed takes about 10 hoursl 

How Can This Be? \ .. ". 

Conductivity and Resistivity 
Ability of current to 
flow depends on 
density of charges & 
rate of scattering 

Two quantities summarize this: ~ 

cr: conductivity 

p: ~sistivity 
~ "'" .... ~. 

Microscopic Ohm's Law 

p and IT depend only on the microscopic properties 
of the material, not on its shape 
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Demonstrations: 
Water 

Temperature Effects on p 

PRS Question: 
Resistance? 

PRS: Resistance 
When a current flows in a wire of length L and cross 
sectional area A, the resistance of the wire is 

I t ( ! ... ( \ , ! :.:<4 ) I'. \ \ }v. 
I · t: 

1. Proportional to A; Inversely proportional to L. 
2. Proportional to both A and L. 

@ Proportional to L; inversely proportional to A. 
4. Inversely proportional to both L and A 

Or __ ~~-bllktP( ~!ft0'> 
no C(;(~f,l-~T-;O~(ll fe"'t 
i1ec{} Ii .If ,. ~2 EOll'{;5 (()(Id vd&-r 
(tfld I ~ {DV' "/'0 

o > 

ttl·if ICe. " ~Jls v~hro/JP 
- (9 ~ J -? slC'",!- JiJv/ / \ -) f10V 

0.... p~ rJ. ,~) fl '/", , 
I 

\.Id,t~( 
I 

f..ilT-- ~ ( (illd-"do(' ~ /:; 

but 5211- J,; (}J[./0 1/\ :1-
I I I 

ct~-L d 1M {/?-<:5 [CI ,' (orr! 
({/(q/' ~ 

5. Do Not Know _ fl' Sl~l .:(r {t .J.r ) h d.S ~ d rJ 
L-________ -. ________________ ~'~~~" ____ ~~~~~~~,~--------~-~ 

L I '\ 0'0! ~ 
~tI' P? \G., I (0 ~~t l/dC;/ IV"e G.d 
- plPV c\Nt ll~g 1 . M\~ {i S/Io r h r tC 'ld 

1'~OIJ tOr 
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Why Does Current Flow? 
Instead of thinking of Electric Field, think of potential 
difference across the conductor 

, , " , , , 
, A I , , 

( 

--+-.,..../ , , 
'-____ ''-, -",-' ____ \:o..J V, 

Ohm's Law 

What is relationship between l!. V and current? 

Ll.V = V, -Va = - fE .ds =Ei' 

I I ( ". :±t. \ ; ,j i I 

I ~ \..._._. _ _ _ .2-:...!.~-,-_._. 1'_ . , 

Ohm's Law 

I I 

I~v IRI E1J 
\R has units of Ohms (n) = Volts/Amp 

\ l"l.I' , 

'--.l, rVr€ 1ft b\>r 
Class 12 
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How Big is an Ohm? 

• Short Copper Wire milliohms (mO) 

• Notebook paper (thru) -1 GO 

• Typical resistors o to 100 MO 

• You (when dry) 100 kQ 

• You (when wet) 1 kQ 

• Intemally (hand to foot) 500 0 

Stick your wet fingers in an electrical socket: 

J = V I RD l20V Ilkil Ei \l.lA You're dead! 

Current: Flow Of Charge 

Average current I.,: Charge "0 
flowing across area A in time At 

Instantaneous current: 
differential limit of i.v 

!I=dQ! dt 

Units of Current; Coulomb/second = Ampere 

Batteries & 
Elementary Circuits 

Class 12 
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DC Circuits 

Examples of Circuits 

Symbols for Circuit Elements 
,.....-!~ ;.) cd hl9k' v/Q I /tt ~)e. 

----~~------------------
60 I II\! (S 

~ 

Battery 
( 1\ 
\.1 -

Resistor ~ 

Capacitor t;;;;;:H;;;;;;;;i 

Switch D-::J 
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Ideal Battery 

. - I 
t>v 

Fixes potential difference between its terminals 

Sources as much charge as necessary to do so 

Think: Makes a mountain 

Sign Conventions - Battery 

Moving from the n~ to positive terminal of a 
battery i!:!preases your potential 

to I ~V = Vb-Va l 
- 1 f-'-I + -------.. . . 

l\.V ~ +£ b o 

::::=:= 
£ 

no'" ---'-1+ 11-1----01 
l\.V ~ -£ 

Sign Conventions - Resistor 

Moving across a resistor in the direction of current .----d!creases your potential 
.~, 

I 

-----• 11M 
iO MI" -IR 

I -• 11M ," AV ~ +IR 

Class 12 

• 
.1 

• 
b 

I ~V=Vb-Val 

Think: 
, 

Ski Slope 

.~ 

_ PP() p k_ [f/.nW' (r 

piJl'l{ /1111{. 5'>1 ft£ P/~ (lr.-:6 
~Q /'t. (Itt 
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Internal Resistance 
Real batteries have an internal resistance, r, which is 
small but non-zero .-.-- -----------.--. 

d 
R , 

-
Terminal voltage: 6.V = V. - V, = S - I r 

(Even if you short the leads you don't get infinite current) 

Potential Difference Around a 
Closed Path 

Sum of potential differences across all elements 
around any closed circuit loop must be zero. 

ilV=- ft,dS=O 
Closed 
P",h 

~-. i --"""--" 
" : _~I + : II 

- ' I ' 

-
I ' 

E, R 

--'I-w,··-·-w,-,-

J j'llrts 
L..!==~~=;;;!...I . ;;~-

1.._: .. _ ..... , .... 1 

PRS: Potential in Circuits 
Where is the potential the highest in the below circuit? 

h:e\or 1M ~2_ 
Ilv~ QIJI"/)li/~ '2e ~ 

-- e 3e-- - - - -
lr A.R A 

1 ,.---!- -... 
3. vvvv 4. -) l' I , 

" .. " 
\~ '~ / 

1 d I 4f~jCl( #"." Lf tss 
12 Sc V r :8h4 rA o ~Ow 

Lit 

10 VI 

CD h ;8~r e le,,/:q I 

02 C (of9P . leovt> F." @ +erm/~vl 

{or c)t)/ t vn)t:,n'J --' Cv(fl,' 
1 

~ /I Ie "'-til () I" (Jvr/ 
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Series VS. Parallel 

+ 

Series Parallel 

I 

Cur(f"~ kI Sa~ 

thr (J<1, ~~A 

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

, 1 
! 

R, R, 

I ~ I' 

flV ~I R, +1 R, = /(R, +R,) ~ I R"I 

IReg = RI + R2 1 

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

R , 

',I 
... 

" Cd . - • 
"I " 

~f 

I i ' -
flV = flY, = flV, = f ,R, ~ I ,R, = IR,. 

l'.V l'.V l'.V 1 1 1 
I = I, + 12 =-+-~- -=-+-

R, R, R., R,q R, R2 

Class 12 
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Batteries in Series 

Net voltage change is IN = IN 1 + IN 2 

Think: Two Mountains Stacked 

Batteries in Parallel 
o J 

;:-

~ 
~ 

6V 
Net voltage still !1 V 

"" 
+ -

/' 

~ r~ "v 

~I:I'" 

'I l"b./ Glh, \ i. 

PRS Questions: 
Two Light Bulbs 
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m PRS: Bulbs & Batteries 
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 current 
from the battery compared to when 
only one bulb was connected . 

.. " @ Is Higher 
0% 2. Is Lower 
0% 3. Is The Same 
0"'. 4. Don't know 

I = Ttl 
- I 'L - (V1 or~ (v(rfl' l 

_ PRS: Bulbs & Batteries 
An ideal battery is hooked to a light (~ 0\ 
bulb with wires. A second identical ~ 
light bulb is connected in series with C~ 
the first light bulb. After the second -" '- .. _.-
light bulb is connected, the current '1l1!l 
from the battery compared to when .~ 
only one bulb was connected. 

0"1. 1. 
0% & 0% 

O~. 4. 

Class 12 

Is Higher 

Is Lower 

IsThe Same 

Don't know 

v::- T~ 

\ 1'\.1':'.)­
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Summary of Class 13 8.02 

Topics: PHET Simulation: Building Simple DC Circuits 
Related Reading: Course Notes: Sections 6.1-6.5; 7.1-7.4 

Topic Introduction 

In today's class we will use a PHET simulation to build simple DC circuits. 

Current and Voltage 
Electric currents (symbol 1) are flows of electric charge (symbol Q, typically electrons, but 
because of sign conventions we will almost always consider positive charges). You can think 
of charges moving as balls rolling on a mountain side. The height of this ' electronic 
mountain' is the voltage (symbol V), so positive charges move to get down the mountain, 
from high to low potential. We will define these terms more accurately (and more 
mathematically) later in the course, but for the next several weeks you should try to gain a 
good conceptual feeling for how voltage and current is related and how circuit elements 
(resistors, capacitors and inductors) effect this relationship. 

Electromotive Force 
A source of electric energy is referred to as an electromotive force, or emf (symbolli). 
Batteries are an example of an emf source. They can be thought of as a "charge pump" that 
moves charges from lower potential to the higher one, opposite the direction they would 
normally flow. In doing this, the emf creates electric energy (typically from chemical 
energy), which then flows to other parts of the circuit. The emf Ii is defmed as the work 
done to move a unit charge in the direction of higher potential. The SI unit for li is the volt 
(V), i.e. Joules/coulomb. 

Resistance & Ohm's Law 
The first circuit elements we will work are the battery and resistor (symbol R). If the battery 
is thought of as a "charge pump" we can continue the water analogy and think of the resistor 
as a pipe, through which the charge is flowing. A "high resistance" is a small pipe (one it is 
difficult to get through). A "low resistance" is a large pipe that is easy to get 
through. We will pretend that wires have zero resistance, that is, that charges can 
freely move through them. Just like pressure drops in a pipe, R, R, 

voltage drops in a resistor, as given by Ohm's law: /',. V = I R . )!(~ 
Another way to think of this is that if you want current to flow 
through a resistor you need to push on it (supply a potential 
difference across the resistor) . 

Series vs. Parallel 

Series Parallel 

Now that we have batteries and resistors we can consider hooking them together to make 
circuits. When we do that we have two choices for hooking two elements together - they can 
either be hooked in series (with the 'end' of one hooked to the 'beginning' of the next) or in 
parallel (with the 'beginning' and 'end ' of each element tied together). An example oflight 

Summary for Class 13 p.1I2 



Summary of Class 13 8.02 

bulbs in series and parallel is show at right. For elements in series, any charges (current) that 
flow through one element must also flow through the second. In parallel the voltage drop 
across two elements must be the same (they are ' at the same height' at both their 'beginning' 
and 'end' and hence the drop across both must be the same). Using these ideas we will 
derive relationships for resistors in parallel and in series. 

KirchhofPs Circuit Rules 
In analyzing circuits, there are two fundamental (Kirchhoffs) rules: (I) The junction rule 
states that at any point where there is a junction between various current carrying branches, 
the sum ofthe currents into the node must equal the sum of the currents out of the node 
(otherwise charge would build up at the junction); (2) The loop rule states that the sum of the 
voltage drops !J.V across all circuit elements that form a closed loop is zero (this is the same 
as saying the electrostatic field is conservative). 

If you travel through a battery from the negative to the positive terminal, the voltage drop 
!J. V is + l' , because you are moving against the internal electric field of the battery; otherwise 
!J. V is -6. If you travel through a resistor in the direction of the assumed flow of current, the 
voltage drop is - JR, because you are moving parallel to the electric field in the resistor; 
otherwise !J. V is +JR. 

Important Equations 
Macroscopic Ohm's Law: 
Resistance of a conductor with resistivity p , 

cross-sectional area A, and length I: 

Resistors in series: 

Resistors in parallel: 

Power: 

V=JR 

R=pl l A 

Req =R, + R, 

1 1 1 
-=-+­
R,q R, R, 
P=!J.V J 

p.2/2 



] /y 

{t\ tb ;::- V() /IOjI? dro p 
( eJ. (1) - to vcA fp 

bl(A~~ G 

AfVVWA~ e, ekcJro0 flYit/t {ru/>\. e to (j) 

~J E f;elJ [fOrti (i\ f-p e 
1\ /;gh' lvl b (U, ",.t- ~ j "'/- " (' fG;J To" r 0 hi- ; 

~ 51 O~-() c hClf'J t 

- I~ It (.\ J ftliJ.lier r Or a 
- lp~<5 p/eJJ.vrt (volt~J~) 
- M o-lL\.S ~ r df!)f 

If ~'?1 ~CAd. 

SYn.Q II r 'IVt 
\,-JOe fv C ovv. 0 v\- ~ \ 0"-1 r f1 f5J.v/ f 

+0 f(;/t:t r')off \....{)~~r /~~o 
vPI r l3h7~ 



I J 
C o~ ((r) lor 

J II) C~rrl?I\~ ~ 
, 

--£::-.-J:J-.----~I- CD /; & h f- Ofe h ( ;~ hi 91) d ~r f 
....... -. ~--- .. ---+- 0 Tk/\ )~ ~~+ J'!N/ {J ieeJro;<s ~ 101,,--

Jo V (I to G )-fJp / V d;f(. (4 i0 
/' 

() lifhb ofr/ 0 11 J Iff-~ -ll·~ 
~ ~ h\(Q r,.\, Mpvt 



,£--l1J­
l~~ 

(rJUf\ C ;rCv':t- )(\ pCI-(r( lie I 
'Thl\. Otr'l1 r It 9 « Vlor e .,Iff ( (;V leI(! 

, 
yl 



Michael Plasmeier 

From : 
Sent: 
ro: 
Subject: 

Hi Michael , 

Eric Hudson [8 .02.help@gmail. com) 
Saturday, March 06, 2010 10:28 PM 
Michael Plasmeier 
RE: MP Question M 

Work is change in potential energy, which as you ' ll recall is q*delta V 
(for shortness I ' ll write qV) . You know V. You need to know q. You are 
told 1 minute, so that must be important . To get charge from a time, 
you ' ll also need to know a current. Because I=q/t to q=It . 

Hope that h e l ps . 

From: Michael Plasmeier [mailto:plaz@theplaz.com] 
Sent: Saturday, March 06, 2010 7:01 PM 
To: 8.02.help@gmail.com 
Subject: MP Question M 

Hi, 

Can someone please help me understand how you arrive at Part M of An Introd uction to EMF and Circuits. I looked 
around the web and only got more confused. Thanks ·Michae l 

How much work II 'does the battery connected to the 2 1.0-ohm res istor perform in one minute? 
Express your answer in joules. Use three significant figures. 

!\" =360 J 

IV 1 



Summary of Class 14 8.02 

Topics: Simple DC Circuits 
Related Reading: Course Notes: Sections 7.1-7.5, 7.8-7.9 
Experiments: (3) Building Simple Circuits with Resistors 

Topic Introduction 

In today's class we will study multi-loop circuits, power and energy, measuring devices, 
capacitors in circuits, review current, and build simple circuits in a lab. 

Kirchhofrs Circuit Rules 
In analyzing circuits, there are two fundamental (Kirchhoff's) rules: (1) The junction rule 
states that at any point where there is a junction between various current carrying branches, 
the sum ofthe currents into the node must equal the sum of the currents out ofthe node 
(otherwise charge would build up at the junction); (2) The loop rule states that the sum of the 
voltage drops Ll. V across all circuit elements that form a closed loop is zero (this is the same 
as saying the electrostatic field is conservative). 

If you travel through a battery from the negative to the positive terminal, the voltage drop 
Ll. V is + c, because you are moving against the internal electric field of the battery; otherwise 
Ll.V is -c. If you travel through a resistor in the direction of the assumed flow of current, the 
voltage drop is - JR, because you are moving parallel to the electric field in the resistor; 
otherwise Ll.V is +JR. 

Steps for Solving Multi-loop DC Circuits 
I) Draw a circuit diagram, and label all the quantities; 
2) Assign a direction to the current in each branch of the circuit--if the actual direction is 

opposite to what you have assumed, your result at the end will be a negative number; 
3) Apply the junction rule to the junctions; 
4) Apply the loop rule to the loops until the number of independent equations obtained is the 

same as the number of unknowns. 

Capacitance 

c, c, 

+Q -Q +Q - Q 

Series 
+ 

OJ toV 

Summary for Class 14 

Next we will discuss what happens when multiple capacitors are 
put together. There are two distinct ways of putting circuit 
elements (such as capacitors) together: in series and in parallel. 
Elements in series (such as the capacitors and battery at left) are 
connected one after another. As shown, the charge on each 
capacitor must be the same, as long as everything is initially 
uncharged when the capacitors are connected (whicIpkt.!\\wys the 
case unless otherwise stated). In parallel, the capacitorshave the 
same potential drop across them (their bottoms and tops are at the 
same potential). From these setups we will calculate the 
equivalent capacitance of the system - what one capacitor could 

p.1I2 



Summary of Class 14 8.02 

replace the two capacitors and store the same amount of charge when hooked to the same 
battery. It turns out that in parallel capacitors add (C,. :: C, + C, ) while in series they add 

. I (C-' C-' C-') mverse y ,q ::' + , . 

Experiment 3: Resistors and Simple Circuits 
Preparation: Read pre-lab 

In this lab' you learn how to build simple circuits with a battery and resistors, and how to 
make and measure current through the circuit. This is an introduction to the experimental 
materials you will use for the next several weeks, but also a chance to understand Ohm's law 
and to see how resistors add in series and in parallel. 

Important Equations 
Macroscopic Ohm's Law: 
Resistors in series: 

Resistors in parallel: 

Power: 

Capacitors in Series: 

Capacitors in Parallel: 

V=IR 

Rcq =R, +R, 
I I I 
-=-+-
R,q R, R, 
P=LWI 

I 1 1 
-::-+-
C,q C, C, 

C,q:: C, +C, 

darh Sourc;:-" Cf/rtevr/-

('e5"6~(}J" e J rop 1) v(Ji ~e 

(- Ir 
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Class 14: Outline 

Hour 1: 

DC Circuits and Kirchhoffs Loop 
Rules 

Hour 2: Experiment 3 Building a 
Circuit with Resistors 

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. 

COhservet+l<>t of current­

Class 14 
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C =~ CP ,'I" V~IA 
to p[., 

Kirchhoff's Rules 
2. Sum of potential differences across all elements 

around any closed circuit loop must be zero. 

llV=- {E.dS=O 
Closed 
Parh 

.~ . 

Steps of Solving Circuit Problem 

I ," 
1 

I'" 

'yOV art 
fl' J d'e~ , 

\ 

, 

add) -g elc:;~~"(e 

adds /~vcJs l( 

'/OJ h~.( II J j;.,,'1 

1. Straighten out circuit (make squares) - et/,/:,er fo r~<tJ. w;~ a.re ft"ee , 
2. Simplify resistors in series/parallel 

3. Assign current loops (arbitrary) 
4. Write loop equations (1 per loop) 

5. Solve 

.~ , 

{\ C(/r~+S 6P}i/1ra for­
;--. e.qvat W'0 

r-----.."..~""'"'!~-"...:...-s=~-"'ie""___4-..!..,,( [p~~..:........;( rflt / ( ws 1~ r(l~h b~1 \) 
(Ex~~p~:~Simpl Circuit - I1n b ~'\vye) 

• . au can simplify 
R ( R'1 resistors in series 

(but don't need to) 

R 
R 

What is current 
through the bottom 
battery? 

f------\Nv-----jh 

.. 
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.--______ PL..J\I~(~~(~-o~,\~(L=_.J, l\.~...:,I ;u?s, : J I> 0: lJ ,tillY 
Example: Simple Circuit 

(/ l\!j.ili,\~) 2- loaf) ;:::. ('10 (lIJ d~ .rult , 
Start at a in both loops 

L C&t/oM ~(a"C h 1Mt { ~v'rf~,d 

~~ 1\"iI. ldf/oh,~ .riqhf, ~!) ~fg'1 V. 

.5 (;'1'4.<.. 0, 

Group Problem: Circuit 
Find meters' values. All resistors are R, batteries are B 

v 

HARDER 

l - '(- I 

T~ r<:.s,~rd,Y> " '---7l, 
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Electrical Power 

Power is change in energy per unit time 

So power to move current through circuit elements: 

p=~u=~( .6.V)=dQ .6.V 
dt dt Q dt 

Power - Battery 

Moving from the negative to positive terminal of a 
battel)l increases your potential. If current flows 
in that direction the battery supplies power 

E 

.1~---l- 1 r-I+--.... , 
;a C.V ~ +E b 

IP.UPP!;od = I .6. V = 1&1 

Power - Resistor 
Moving across a resistor in the direction of current 
decreases your potential . Resistors always 
dissipate power 

/ -" Wv a 6V ~ -JR b 

Class 14 

,~. 

""' 

4 



Energy Balance .. ~ 

Multiplying by I: 

(power delivered by baHery) = (power dissipated through resistor) 
+ (power absorbed by the capacitor) 

" ... 

PRS Questions: 
Two More Light Bulbs 

PRS: Power 

"W 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 the battery (compared to 
when only one bulb was connected) 

O~. 1. Is four Umes higher 

O'h 2. Is twico as high t 0% 3 . Is tho samo 

0% 4. Is half as much 

0% 5. Ie Y. as much 

0% 6. Oonl knOW 
""'1 
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_ PRS: Power 
An ideal battery is hooked to a light 
bulb with wires. A second identical (') \'! 
light bulb is connected in series with cn?:3 
the first light bulb. After the second '. 
light bulb is connected, the light ien 
(power) from the first bulb (compared . _~ 

I , ~, 

to when only one bulb was connected) 

0% 1. Is four times higher 
0% 2. Is twice as high 

0% 3. Is the same 
0% 4. Is half as much 

0% S. Is V. as much 

0% 6. Don't know 

Measuring Voltage & Current I 
1ft 

,~, 

Measuring Potential Differeng,e 

A voltmeter must be hooked in parallel across the 
element you want to measure the potential difference 
across 

V I IF AAJ. 
-+ 

• T, R cffeetivc R R oitmeler 

0 

Y :· 
Voltmeters have a very large resistance, so that 
they don't affect the circu~ too much 

'1··\$ 
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Measuring Current 
An ammeter must be hooked in series with the 
element you want to measure the current through 

"All 

Reffe";,, = R + fIe< y,y 

,~ I 
0 

,-

Ammeters have a very low resistance, so that 
they don't affect the circuit too much .-

Measuring Resistance 
An ohmmeter must be hooked in parallel across the 
element you want to measure the resistance of 

Here we are measuring R1 

Ohmmeters apply a voltage and measure the 
current that flows. They typically won't work if the 
resistor Is powered (connected to a battery) 

PRS Question: 
Ammeters and Resistors 

Class 14 
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fl_~oj PRS: Measuring Current 

If R1 > R2, compare the 
currents measured by the 
three ammeters: 

.% 

.% .,. 

.% ... .,. 

." 

1.A1>A2>A3 
2. A2>A1 >A3 
3. A3>A1 >A2 
4. A3> A2 > A1 
s. A3>A1 =A2 
6. None of the above 
7. I don't know 

Experiment 3: Building a 
Circuit with Resistors 

From Diagrams to Reality: 
l')IIeasuring I & V 

Class 14 

.,<.!l 

8 



Measuring Current (THRUt 

BLK0 REO J +1 -
1. Hook in SERIES: current must go thru to measure 
2. ' Positive" if runs from Red to Black 
3. Note: Not ideal - 1 Q resistance. Does it matte(/ 

,." 

Measuring Voltage (ACROSS) 
RED -@- BLK 

1. Hook In PARALLEL: reads VR," - VB.'" 
2. Note: Not ideal -1 MQ resistance. Does it matter? 

E3: Two Resistors 

1. Set up resistors in (2) parallel and 
(3) series 

2. Compare voltage and current from 
battery to voltage across and 
current through ONE resistor 

Class 14 9 



_ PRS: Expt. 1 

In the ;;irn; ~~Ii fOIle.l circuits: 

Dru 
How much current flowed in circuit 1 relative to circuit 27 
0% 1. Four times as much 

0', 2. Twice as much 
0% 3. The same 

0% 4. Half as much 

0% 5. One quarter as much -

DC Circuits with Capacitors 

Sign Conventions· Capacitor 

Ski Lodge 

Class 14 10 



Capacitors in Parallel 
c, 

-
I 

c: 
, 

,CT-
-

~ ~ .. , 
.'..,1 

Capacitors in Parallel 
c, .1.\1',"'.:.\1' ... ')'1' 

-413- J, ~. Same potential! 
~ 

~l 
(I, 

' cQ' c Q, 'h ,= AV ' ,= AV 

~, 

- i, 

lE6 1) ~y 
'1 ' 

0" 
-~ 

"w 

Equivalent Capacitance 

"'Y'''.!\ V~''4 r ? C~"CI · Cl 
nel , 
" II 
Q, II 

Q=Q, +Ql = C1AV + Cl!. V 

II c, =(C,+C,)t.v 
L 

Q: 

le,q ; llQ
V 

= c, + c,l I. I. , ,. - -,. -
.r .r 

,"u 
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Capacitors in Series 

Different Voltages Now 

What about Q? 
+ 

o to V 

Capacitors in Series 

~VI~1 61"1 .-, ~ 

UJ-~ +Q - Q 

+ 

gi CJ to V 

Equivalent Capacitance 

1IV, =g, lIV, =g 

, .... 

.. ~ 

C1 C2 

~ ~ ~ J 

1 )~I , 1 ",A,,+av, Cc-
::~~. ~dd~ '~":" ;) 

Ii +1 - -'I C,' c, C' I +: 1 
6V 1 1 1 AI 

-=-+-
Ceq C, C, 

- ,,~ 
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PRS Question: 
Capacitors in Series and Parallel 

PRS: Capacitors 
Three identical capaci tors are connected to a battery. 

The battery is then disconnected. ~2E 
How do the charge on A, B & C f-l 
compare before and after the battery B C 
is removed? 

BEFORE' AFTER I-inl 

0" 
0% 

1. OA = O. = 0c; No Change ~ 
2. OA = Os = Oc; OA > Os = Oc 
3. OA = Os = 0c; OA < Os = Oc 
4. O~ > Os = Qc; No Change 
5. 0 A> OS = Oc; 0A'£QS = Oc 
6. Q A < Os = Oc; No .<!:hangB 
7.0A<Os =Oc; OA=QS=OC 

Power - Capacitor 
Moving across a capaCitor from the positive to 
negative plate decreases your potential. If current 
flows in that direction the capacitor absorbs power 
(stores charge) 

I --+° 1' -Q ~---=-!, I--='--~ 
a h 

. 6 V =- QIC 
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OBJECTIVES 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics 

8.02 

Experiment 3: Ohm's Law & DC Circuits 

1. To explore the measurement of voltage & current in circuits 
2. To see Ohm's law in action for resistors 
3. To learn how to translate circuit diagrams to physical circuits on a board 

PRE-LAB READING 
INTRODUCTION 

When a battery is connected to a circuit consisting of wires and other circuit elements 
like resistors and canacitors, volta es can develop across those elements and currents can 
flow through them. In this lab we will investigate simp e CircUits WI on y resls ors in 
them. We will confirm that there is a linear J ionshi between cY.J!e_Ilt through and 
potential difference across resistors (Ohm' s law: V = IR). -
The Details: Measuring Voltage and Current 

Imagine you wish to measure the voltage drop across and current through a resistor in a 
circuit. To do so, you would use a voltmeter and an ammeter - similar devices that 
measure the amount of current flowing in one lead, through the device, and out the other 
lead. But they have an important difference. An ammeter has a very low resistance, so 
when placed in series with the resistor, the current measured IS not significantly affected 
(Fig. 1a). A voltmeter, on the other hand, h~ery high resistance, so when placeo ill- ­
parallel with the resistor (thus seeing the same voltage drop) it will draw only a very 
small amount of current (which it can convert to voltage using Ohm's Law VR = Vmeler = 

ImelerRmcter), and again will not appreciably change the circuit (Fig. I b). 

(a) (b) 

+ -
Figure 1: Measuring current and voltage in a simple circuit. To measure current 
through the resistor (a) the ammeter is placed in series with it. To measure the voltage 
drop across the resistor (b) the voltmeter is placed in parallel with it. 

E03-1 



APPARATUS 

1. Science Workshop 750 Interface 

In this lab we will again use the Science Workshop 750 interface to create a "variable 
battery" which we can turn on and off, whose voltage we can change and whose current 
we can measure. 

2. ACIDC Electronics Lab Circuit Board 

We will also use, for the first of several times, the circuit board pictured in Fig. 2. This is 
a general purpose board, with (A) battery holders, (B) light bulbs, (C) a push button 
switch, (D) a variable resistor called a potentiometer, and (E) an inductor. It also has (F) 
a set of 8 isolated pads with spring connectors that circuit components like resistors can 
easily be pushed into. Each pad has two spring connectors connected by a wire (as 
indicated by the white lines). The right-most pads also have banana plug receptacles, 
which we will use to connect to the output of the 750. 

Figure 2 The AC/DC Electronics Lab Circuit Board, with (A) Battery holders, (B) light 
bulbs, (C) push button switch, (D) potentiometer, (E) inductor and (F) connector pads 

3. Current & Voltage Sensors 

Recall that both current and voltage sensors follow the convention that red is "positive" 
and black "negative." That is, the current sensor records currents flowing in the red lead 
and out the black as positive. The voltage sensor measures the potential at the red lead 
minus that at the black lead. 

E07-2 



(a) 

Figure 3 (a) Current and (b) Voltage Sensors 

4. Resistors 

Resistors (Fig. 4) have color bands that indicate their value. In this lab we ask you to 
ignore the bands - even if you know how to read them please do not do so. 

Figure 4 Example of a resistor. Aside from their size, most resistors look the same, with 
4 or 5 colored bands indicating the resistance. 

GENERALIZED PROCEDURE 

This lab consists of two main parts. In each you will set up a circuit and measure voltage 
and current. 

Part 1: Measure Voltage Across & Current Through a Resistor 
Here you will measure the voltage drop across and current through a single resistor 
attached to the output of the 750. 

Part 2: Resistors in Parallel 
Now attach a second resistor in parallel to the first and see what happens to the voltage 
drop across and current through the first. 

END OF PRE-LAB READING 
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IN-LAB ACTIVITIES 

EXPERIMENTAL SETUP 

I. Download the LabView file from the web and save the file to your desktop (right 
click on the link and choose "Save Target As" to the desktop. Overwrite any file by 
this name that is already there). Start LabView by double clicking on this file. 

2. Connect the Voltage Sensor to Analog Channel A on the 750 Interface and the 
Current Sensor to Analog Channel B. 

3. Connect cables from the output of the 750 to the banana plug receptacles on the lower 
right side of the circuit board (red to the sin wave marked output, black to ground). 

MEASUREMENTS 

Part 1: Measuring the Resistance of a Single Resistor 

I. Hook up a circuit to measure the voltage across and current through a single 
resistor driven by the "battery." 

2. Record V and I for I second. (Press the green "Go" button ahove the graph). 
During this time the battery will switch between putting out 1 Volt and 0 Volts. 

Question 1: 

When the battery is "on" what is the voltage drop across the resistor and what is the 
current through it? What is the resistance of the resistor (calculate it from what you just 
measured, do NOT figure it out from the color code, which can be inaccurate). 

Part 2: Testing Ohm's Law 

I. Use the same circuit from part 1 

I - 00- 1
). III _ - I . .;I .. " n 

V ~ f~ V 
v 
I 
~ 
10- /0 -'3 

2. Choose signal generation parameters (waveform, frequency and amplitude) that 
you think will help you test Ohm's law r::- 11\ 

3. Record V and I for 1 second. (Press the green "Go" button above the graph). 
During this time the battery will output the waveform that you have selected. 

- loIal (~Qr3~ voltaje IN/ t;'\{ 

~ 59 (e6\lbrd~( t 
- Volto'}e. i 

I E03-5 
c~ol'Je 1'1 ((;((II1.}-

~ ~ " , -::l ~ ( (1 P e..- ; > te~ ~, h~ ( .e.. 
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Question 2: 

Given the possibilities you are presented with, what do you think is the best way to test 
Ohm's law? What waveform, frequency, amplitude and plot do you use? Is Ohm's law 
valid for your resistor? How do you extract the resistance of the resistor using your 
method? What is it? 

V t! ~ 1 1;!l9I1'( ( e letl : 1)1"(; );/0 (2) 
~ i s ~ slo pe (Jf)O!, Mf- (horgf ) 

- nr~ j f Gl rj- : ev((Q.ti ct I DV\t Vf) i -tGlJ( 

~ ih:;. por ~ : c l~4"\~~V\ IG1 V - oh /l~~ IdlY s r~i! rIVt-
Part 3: Resistors in Parallel J 

1. Hook up a circuit to measure the voltage across and current through the first 
resistor connected in parallel to a second resistor 

2. Record V and I for 1 second. (Press the green "Go" button above the graph). 
During this time the battery will switch between putting out 1 Volt and 0 Volts. 

onl, V of ( fe S'(5 tor 

Question 3: 

When the battery is "on" what is the voltage drop across the first resistor and what is the 
current through it? Did these values change from Part I? Why or why not? 

V ~ I ~/ 9 3 V C hcAl{) 
t - :; I ~ M A ( he\. 1 f ell ~ V/e () ) "- w~ r ~ 

Question 4: 

If it did change: is there something you could measure that wouldn't change? 

If it didn't change: is there something you could measure that would change? 

\.10 I ~().1 t J ( 0 0- «(oSS b~l ~ ( ("s 'I D h 'J 
I.. (/{rll 6\ Ci os;, 

G V:-IK 
7' "'1 

/ 1"k I L-
>I/ 'I-t I.--

001 It 5 b id he.. 3 vtY1{" 

fV~( '1""k.re. 
( ,.."{C~(' 

Further Questions (for experiment, thought, future exam questions. 00) 

• The ammeter is marked as having a 1 ohm resistance, small, but not tiny. Can you 
see the effects of the ammeter resistance in the circuits of part 1 and 2? Can you 
measure the voltage drop across the ammeter? Does this make the measurement of 
the current through the resistor inaccurate? 

• What happens if we instead put the second resistor in series with the first? 
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics 

8.02 Spring 2010 
Pr'oblem Set 5 

Due: Tuesday, March 9 at 9 pm. 

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

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

Week Five Conductors as Shields; Current and Ohm's Law 

C lass II W05D I Mrr Mar 1/2 

Read ing: 
Experiment: 

Class 12 W05D2 W/ R Mar 3/4 

Reading: 

Class 13 W05D3 F Mar 5: 
Reading: 

Add Date Mar 5 

Week Six DC Circuits 

C lass 14 W06D I Mrr Mar 8/9 

Reading: 
Experiment: 

Class 15 W06D2 W/ R Mar 10/ 11 
Reading: 
Experiment: 

C lass 16 W06D3 F Mar 12 
Reading: 

Conductors as Shi e lds; Expt. 2: Faraday Ice Pai l; 
Ca pac itors and Die lectri cs 
Course Notes: Sections 4.3-4.4 ; 5.5, 5.9, 5.10.2 
Expt. 2: Farada v Icc Pa il 

Current, Current Density, and Res istance and 
Ohm 's Law; DC Circuit s 
Course Notes: Secti ons 6.1 -6.5; 7.1-7.4 

PS04: PI-lET: Bu ildin g a S im ple DC C ircuit 
Co urse Notes : Sections 6.1 -6. 5; 7. 1-7.4 

Expt. 3 Buil ding a Circuit with Res istors, DC 
C ircuits & Kirchho rrs Loop Rul es; 
Co urse Notes: Sections 7.1-7.5 , 7.8-7.9 
Ex ])t. 3 Bui ld in!! a C ircuit wilh Resistors 

RC C ircuits; Expt. 4 : RC C ircuits 
Co urse Notes: Sections 7.5 - 7.6 
Ex])t. 4: RC C ircuits 

PS05: RC C ircuits 
Course Notes: Sections 7. 1 - 7.6, 7.8-7.9 
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Problem 1: Short Qllcstiolls 

a) Why is it poss ibl e fo r a bird to sta nd on a high-vo ltage w ire witho ut getting 
e lectrocuted? 

b) If your car's head lights are on when you start the igniti on, why do they dim whil e 
the car is starting? 

c) Suppose a person fa lling From a building on the way down grabs a hi gh-vo ltage 
w ire. If the wire supports him as he hangs from it, w ill he be electrocuted? If the 
w ire then breaks, should he continue to ho ld onto the end of th e w ire as he fall s? 

d) A seri es c ircuit cons ists o f thrce identi cal lamps connected to a batte ry as shown 
in the fi gure be low. When the switch S is closed, what happens to th e brightness 
of the light bulbs? Expla in your answe r. 

Problem 2: Circuit 

\'.1 
~ 

d ''1-'31-, "" I 
\ , I 

I 

T he c irc uit be low cons ists o f a battery (w ith neg lig ible internal res istance), three 
in candesce nt li ght bulbs (A, B & C) each with exactly the same res istance, and three 
switches ( I, 2, & 3). In what fo ll ows, you may assume that, regard less o f how much 
current fl ows through a give n li ght bulb, its resistance remains unchanged. Assume that 
when current fl ows through a li ght bul b that it g lows. The higher the current, the brighte r 
the li ght will be. 

In each situation (a, b, c) as described be low, we want to know which li ght bulbs are 
g lowing (a nd which are not) and how bright they are (re lative to each other). A/ways 
briefly discuss your reasoning. 
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a) Switch # I is c losed ; th e oth ers are ope n. 

b) Switches # I & #2 are c losed; #3 is open. 

c) A ll three switches are c losed . 

d) Now co mpare situati ons a, b & c. Whi ch bulb is bri ghtest o f all , and whi ch is 
faintest of all (bulbs whi ch are o ff don' t count). 

Now replace bulb A by a wire o f neg li gible res istance. We still have three switches and 
now two li ght bulbs (B & C). 

e) Answer the quest ions b) through d) aga in fo r thi s s ituati on. 

Problem 3: Ohm's Law 

A strai ght cy lindrical wire ly ing along the x-ax is has a length L and a diam eter d. It is 
made ofa material desc ribed by O hm ' s law with a res istivity p . Assum e that a potential V 
is ma inta in ed at x = O. and th at V = 0 at x = L. In term s o f L, d, V, p, and physica l 
constants, determine express ions for 

a) the e lectric fi e ld in the wire. 

b) the res istance o f th e wire . 

c) the e lectric current in the wire. 

d) the current dens ity in th e wire . Ex press vectors in vector notati on . 

e) Show th at E = p J . 

Problem 4: Resistance of C onductor in Telegraph C able 

.The first telegraphic messages c rossed the Atlanti c Ocean in 1858, by a cable 3000 km 
long laid between Newfoundl and and Ire land. The conductor in thi s cable consisted of 
seven copper wires, each o f di amete r 0.73 mm, bundl ed together and surrounded by an 

insulating sheath. Ca lculate th e res istance of the conductor. Use 3 x 10-8 Q. m for th e 

res istiv ity of copper, whi ch was of somewhat du bious purity . 
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Problem 5: C urrcnt, Encrgy and Power A battery of emf E: has internal res istance R" 

and let us suppose that it can prov ide the emf to a total charge Q before it exp ires. 
Suppose that it is connected by wires with neg li gibl e res istance to an external (load) with 
res istance RI . . 

a) What is the current in the c ircuit? 

b) What va lue o f RI . max imizes the current extracted from the battery, and how 

much chemica l energy is generated in the battery be fore it expires? 

c) What value of R, maximizes the total power de li vered to the load, and how mu ch 

energy is de li vered to th e load before it expires? How does thi s co mpare to the 
energy generated in the battery before it exp ires? 

d) What va lue for the res istance in th e load RI. would yo u need if yo u wa nt to 

de li ver 90% of the chemi ca l energy ge nerated in the battery to the load? What 
current should now? How does the power de li vered to the load now compare to 
the max imum powe r output yo u found in part c)? 

Problem 6: Battery Life AAA, AA, ... , D batteri es have an open c ircuit vo ltage (emf) of 
1.5 Y. The difference between different s izes is in th eir lifetime (tota l energy storage). A 
AAA battery has a life of about 0.5 A-hr wh il e a D battery has a life o f about lO A-hr. 
Of course th ese numbers depend on how quickly you di scharge them and on the 
manufacturer, but these numbers are roughl y correct. One impol1ant difference between 
batteries is their internal res istance - alkaline (now th e standard) D ce ll s are about O.IQ. 
Suppose that you have a mUlti-speed winch that is 50% effi c ient (50% of energy used 
does useful work) run offa D cell , and that you are try ing to li ft a mass of60 kg (hmmm , 
I wonder what mass that wo uld be). The winch acts as load with a variab le res istance RI. 

that is speed dependent. 

a) Suppose the winch is set to supe r-s low speed. Then the load (winch motor) res istance 
is much greater than the battery ' s internal resistance and you can assume that there is 
no loss of energy to internal res istance. I-low high can the winch lift the mass be fore 
discharg in g the battery? 

b) To what res istance RL should the winch be set in order to have the battery lift the 
mass at the fastest rate? What is this fastest rate (m/sec)? HINT: You want to 
maximize the power deli ve ry to the winch (power di ssipated by RL) . 

F"," d 
c) At thi s fastest li ft rate how high can the winch lift the mass before discharging the 

battery? h.CN/~ eWe'1 f ow(r / f ;I\~ t I fh/ ' II ::: ~ {. /-a'llf.. 

d) Compare the cost o f powering a desk light with D ce ll s as opposed to plugging it into 
the wa ll. Does it make sense to use rec hargeab le batteries? Residential electricity 
costs about $O. I/kwh. 
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Problem 7: Faraday Cage 

Consider two nested , spheri ca l conducting she ll s. The first has inner radius a and outer 
rad ius b. T he second has inner rad ius c and outer radius d. 

In the fo llowing four s ituati ons, dete rmin e the tota l charge on each of the faces of the 
conducting spheres (inner and o ute r for each), as we ll as the e lectri c fi e ld and potentia l 
everywhere in space (as a function of distance r from the center of the spherical she ll s). 
In a ll cases th e she ll s begin uncharged, and a charge is then instantly introd uced 
somewhere. 

a) Both she ll s are fl oatin g - that is, their net charge w ill rema in fixed. A positive 
charge +Q is introduced into the center of the inner spherica l she ll. Take the zero 
of potential to be at infinity. 

b) The inner she ll is fl oat ing but th e outer she ll is gro unded - that is, it is fi xed at 
V=O and has whatever charge is necessary on it to maintain thi s potential. A 
negat ive charge - Q is introduced into the center of the inner sphe rica l shell. 

c) The inner she ll is groun ded but the ou ter she ll is fl oat in g. A pos it ive charge +Q is 
introd uced into th e center or the inner spheri ca l she ll. 

d) Fina ll y, th e oute r she ll is grounded and the inner she ll is fl oat ing . T hi s time the 
pos iti ve charge +Q is introduced into the reg ion in between the two shell s. In th is 
case the quest ions "What is E(r)/V(r)?" are not we ll de fined in some reg ions of 
space. In the reg ions where th ese questions can be answe red, answer them . In the 
reg ions where they can' t be answered, exp lai n why, and give as much in format ion 
about the potentia l as poss iblc (is it positi ve or negati ve, fo r example) . 
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Problem 8: Capacitance, Work and Energy 

Two nat, square meta l plates have s ides o f length L , and thi ckness 5/2 , are arranged 

para ll e l to each other with a sepa rati on o f .\' , where s « L so you may ignore fringing 
fi e lds. A charge Q is moved from the upper plate to the lower plate . N ow a force is 

appli ed to a third uncharged conducting plate of the same thi ckness .1'/2 so that it lies 

between the other two plates to a depth x, maintaining the same spac ing .1'/4 between its 

surface and the surfaces of th e othe r two. You may neg lect edge effects. 

a) Us ing the fact that the metal s are eq uipotentia l surfaces, what are the surface 

charge densities V ,. on the lower plate adjacent to the wiele ga p and v II on the 

lower plate adjacent to the narrow gap? 

b) What is the e lectric ti e ld in the wide and narrow gaps? Ex press your answer in 
terms o f L , x, and s. 

c) What is th e potential difference between the lower plate and the upper pl ate? 

d) What is th e capac itance o f thi s system? 

e) I-low much energy is stored in the e lectri c fi e ld? 
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1 8.02 PSET 5 HINT 

1 8.02 Pset 5 Hint 

I-Ii LOS problem-solvers, 

======== 
Hints for P set 5 

======== 

prob I -a ) small d istance thus small voltage cli rrerence. 
comparing t he resistance. 

prob l ob) 
starter motor needs energy 

prob l -c) 

2 

i) com paring resistance; ii ) check whether there is a close circu it for current. iii ) grounded makes 
current How to the ground. 

prob l-d ) 
resistance is t he same; t he power (P = / 2 R)pl'Oportionai to t he resistance 

prob 2) again) compa re t he current 

prob 3) Here we have two exact physical formulas: 
(i) Ex = - <lV/ dl: , (ii ) J = J A, 
t wo empiri cal formulas : 
(iii )R = \1/1 (i.e. the definit iull of resistallcC 1 macroscupic view of resis ta nce) ) 
(i v)p = E / J (i. e. defi ni tion of resis tivity, microscopic view of resistivity). 
Prom (ii i) and (iv) together give us a relation between Rand p. 

T he above 4 eqs constraint 4 deg1'ees of freedom} t hus 4 unknowns E , R , I , J can be written as 
t he rema ined parameters L, d , V, p. 

prob 4) i) resistors in parallel) ii) resistance proportiona l to cross section area 

prob 7) if there is no net ch a rge ini t ia lly, floating shel l rema ins zero net ch arge, grounded metal 
rnay bot be neutra l. 

a) no E field inside t he conductor ill te rior 
I») , c) grounded implies V=O 
d ) Think a bout t he potential landscape. Think inner a nd outer shells sepa n.ltcly) once you un­
derstand each case, then combine two cases toget her . Find: Potential V= O [or riC. potell t ial is 
hi ghest at the source charge Q. potential V= positive const;ant [or rj b. 

prob 8) T he below i) ii ) iii ) give you sets of equation , .YOLI calJ then solve cha rge dens it.y dis t ri ­
bution, t hus solve a) b ) c) d) e) in order. 

i) By equipotent ia l of th e conductor. so that potentia.! difl"crcnce for LH5 of two pla tes is t he 
S<:II ti C as thc potcnt ial uiffcrc llce lor nlIS 01" tlll·CC plate::;. Notc: E = O ills iue t he ("ulldudor. 



1 8.02 PSET 5 HINT 3 

ii ) By symmetry of (-Q on the top and + Q on the bottom ). You know the charge dist r ibution 
on top plate is the sallle as charge distribution on bottom plate) up to a minus sign. 

iii) Sum over chru'ge density equals to total charge: given as -Q and + Q for top and bottom plates. 

e) two methods: 
i) charging up process) U E = J dq\f , integration 
ii ) E2 volume integration , ie. U E = I ~€oE2d(Vol'/.l.m e ) 

If you have free time} challenge yoursel f with the following. 

[H a rd] prob 7-d) 
It will be a challenging problern to find out the 311alytic ('orm of potential and electri c field 
between r=b and 1'=c fo r prob 7d. t he exact potential (and thus its negative gradient, the E 
fie ld ), can be obtained from " l'vrcthod of Tn1;l !=!,C'1l - j :'S llpf' r posit.ion prin ciple l

' . There will be a 
series of image charge. since we have two mi rrors here( inner shell and outer shel lL there are 
many images of image(i1) charge. One can expect certain geometric :;eries sum of potential C<;Ul 
lead to the exact analytic full potential. Normally we will star t from assumi ng inner shell <:Uld 
outer shell are grounded for simplicity: but here specinJi.y need to be aware that the inner shell is 
not grounded, so the inner shell must be neutral , need to art ificially provide a the sa me negative 
amount of surface charge well-distr ibuted on the sur face to cancel t he amollnt of total c1wrge 
0 11 the outer surface of inner shell(which charge sum is equal to the sum of image charges inside 
t he inner shell). 

Good R.ef: Chap 3-2, Method of' Images Griffiths, Introduct.ion to E lectrodynamics. 
(Indeed to sovel prob 8 analytically is a bit above Griffi t hs level. ) 

prob 8-e) You find out the minimum stored energy is at x= L, t hen you know it is stable for 
inserting the 3rd plate entirely into the middle of two plates. you also know perturbing around 
a stable equilibrium point would experience a restoring force. You can ask what 's the motion 
a nd the periodicity ~}cl'iod [or this motion. 

You ca n find out: For small 6.x perturbation(l6.xl « L), U = Q's ~ & (1 + I<>xl ). 
lJ{oL2(1-~) - tl coL 21., ' 

'vVe. hud it i!:i iIldeed a CO Il titallt accelerat ioll! (tiurprisillgly, nuL Simple Harrnollic :Motioll ) . \Vherc, 

6.," = 1/ 2at2
, so t = )2;" 

~JC" iod = 4t = 4 J_2;_X = 4 r:1-;:6-'IQ-'iP-'/">';-6.-x. (You can check by plugging in a by yourself. ) 
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8.02 

MASSACH USETTS INSTITUTE O F TECHNOLOGY 
Department o[Physics 

Problem Set 5 Solutions 

Problem I: Short Questions 

Spring 2010 

(a) Why is it poss ible for a bird to stand on a high-voltage wi re without getting 
e lectrocuted? 

The reason is because the potentia l on the entire wire is nearly uni form, and the potentia l 
difference between the bird 's feet is approx imate ly zero. Thus, the amount of current 
fl owing through the bird is neg ligible, s ince the resistance through the bird 's body 
between its feet is much greater than the resistance through the wire between the same 
two points. 

(b) If your car's headlights are on when you start the igniti on, why do they d im while the 
car is starting? 

The starte r motor draws a s ignificant amount of current from the bal1ery while it is 
startin g the car. This, coupled with the internal resistance of the batte ry, decreases the 
output vo ltage of the battery below its the nomina l 12 V. This decrease in vo ltage 
decreases the current through (and brightness of) the headlights. 

(c) Suppose a person falling from a build ing on the way down grabs a high-vo ltage wire. 
If the w ire supports him as he hangs from it, will he be e lectrocuted? If the wire then 
breaks, should he continue to hold onto the end of the wire as he fa ll s? 

As long as he only grabs one wire and does not touch anything that is grounded, he w ill 
be safe. If the wire breaks, leI go! I r he continues to ho ld on to the wire, there w ill be a 
large-and rather letha l- potenti a l difference between the w ire and hi s feet when he hits 
the ground. 

(d) A series c ircuit consists of three identica l lamps connected to a battery as shown in 
the fi gure below. When the switch S is closed, what happens to the brightness of the light 
bulbs? Explain your answer. .\ 1\ , . 

C los ing the switch makes the switch and the w ires 
connected to it a ze ro-res istance branch. All of the 
current through A and B w ill go through the switch 
and lamp C goes out, with zero vo ltage across it. 
With less tota l resistance, the current in th e battery 
becomes larger than before and lamps A and B get 
brighter. 
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Problem 2: Circuit 

T he c ircuit be low consists of a battery (with neg lig ible interna l resistance) , three 
incandescent light bul bs (A, B & C) each with exactly the same res istance, and three 
switches (I , 2, & 3) . In what fo ll ows, you may assume that, regardless of how much 
current fl ows through a given light bul b, its res istance remains unchanged. Assume that 
when current fl ows through a light bulb that it glows. The hi gher the current, the brighter 
the light will be . 

In each situation (a, b, c) as descri bed below, we want to know which li ght bul bs are 
glowing (and which are not) and how bright they are (re lati ve to each other) . Always 
briefly discuss your reasoning. 

a. Switch # I is c losed; the others are open. 
No bulbs glowing; no c losed c ircuit anywhere and hence no current anywhere 

b. Switches # I & #2 are closed; #3 is open 
A & B g low w ith equa l brightness as they are connected in series to the battery and thus 
the same current passes th rough each. C is still off. 

c . A ll three switches are closed 
A, B & C a ll glow. A is brightest, for all current fl ows through it. B & C g low with 
equa l but lesser brightness, as the current through A is spl it equally between B & c. 

d. Now compare s ituati ons a, b & c. Which bulb is bri ghtest of all , and which is 
fa intest of all (bul bs which are off don' t count). 

Bulb A in case (c) is brightest of a ll ; effecti ve resistance of the bulb combination is 
decreased from that of part (b) by the addition of light bul b C in parallel with bulb B. By 
Ohm ' s law, more current is then drawn from the battery in case (c) as compared to case 
(b) leading to a brighter bulb A. 

Bulbs B & C in case (c) a re fa intest of all. Let V be the battery voltage and R be the 
resistance of each bulb. T he effective resistance of the circuit as a whole is 2R in case (b) 
and l.SR in case (c). T hus the current through A is V/2 R in case (b) and VII .. SR = 

2V/3 R in case (c). Therefore in case (b) the current through B is also V/2R, but in case 
(c) the current through B (and C) is half of 2V/3R or V/3R. This latter current is the 
smallest . 

Now replace bul b A by a wire o f negligibl e res istance. We still have three switches and 
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now two light bulbs (B & C). 

e. Answer the questi ons b through d aga in for this s ituation . 

(e-b) B g lowing, C off 
(e-c) B & C glowi ng with equa l brightness 
(e-d) A ll on-bulb brightnesses are equa l, for a ll bu lbs have the full battery vo ltage across 
themse lves, and therefore the same current goes through each. 

Problem 3: Ohm's Law 

A straight cyl indrical wire ly ing a long the x-ax is has a length L and a diameter d. It is 
made ofa material described by Ohm 's law w ith a res istivity p . Assume that a potential V 
is mainta ined at x = 0, and that V = 0 at x = L. In terms of L, d, V, p , and physical 
constants, determine expressions for 

(a) the e lectric fi e ld in the wire. 

This problem is s impl y the review of the Chapter 6 of the Course Noles . You should read 
it if you have anything unfamili ar with. 

(b) the resistance of the wire. 

- V 
E = -x 

L 

R = pL = pL = 4pL 
A N(d / 2)' mJ' 

(c) the e lectric current in the wire . 

(d) the current density in the w ire. Express vectors in vector notati on. 

(e) Show that E = pJ . 
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Problem 4: Resistance of Conductor in Telegraph Cable 

The first telegraphic messages crossed the Atlantic Ocean in 1858, by a cable 3000 km 
long la id between Newfo und land and Ire land . The conductor in this cab le consisted of 
seven copper wires, each of diameter 0.73 mm, bundled together and surrounded by an 

insulat ing sheath . Calculate the res istance of the conductor. Use 3 x I 0-8 n · m for the 

res istivity of copper, whi ch was of somewhat du bious purity. 

Solution: When current fl ows in the cable, the ends of each of the seven copper wires are 
he ld at the same vo ltage diffe rence, so the wires are in paralle l. Recall that when resistors 
are in para ll el, the equiva lent res istance adds inversely: 

Since resistance is in verse ly proporti onal to area, we have that 

I I I 
-=-+- + A, ~ .. =--+-'-+ . 
1(" R, R, pL, pL, 

The wires are a ll the same length and area so fo r seven w ires 

7A 
- = -
R", pL 

Thus the equi va lent res istance is 

p L (3 x I 0-8 n · m )(3 x 106 m) 
R"" = = -'-----=-;---.,,'-

7A (7)(JT)(7.3 x IO- ' m /2)' 
3.0x I0' n. 

Check: S ince res istance is inverse ly proporti onal to area, the effecti ve area is seven ti mes 
the area of one wire. 

Problem 5: Current, E nergy and Power A battery of emf E: has internal resistance R" 
and let us suppose that it can prov ide the emf to a total charge Q before it exp ires . 
Suppose th at it is connected by wires with negli gible resistance to an external (load) with 
res istance RI. ' 

a) What is the current in the c ircuit? 

Solution : 
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• R, . 
~ .... 
v" 

Ii e 

C 
- ---- - - ---------- - ) 
• HI E : 

'A I.. ' 
c y v. b + 11--:-, ~(J----' 

, 
-, 

The Kirchoff loop law (the sum of the voltage differences across each element around a 
closed loop is zero) yields 

&-IR - IR =0 . . ,. 

Solving for the current we find that 

1 = & 
R, + R,. 

b) What value of R,. max imizes the current extracted from the battery, and how 

much chemica l ene rgy is generated in the battery before it expires? 

Solution: The current is max imized when R,. = O. 

The chemical energy generated in the battery is given by 
", 

U"'if = f &Jell = &J61 
o 

During this time inte rval , th e battery del ivers a charge 

'" 
Q = fJell = 161. 

o 

Therefore the chemica l energy generated is 

o 
U r = & 1 61 = & J = = &Q 

<'''' J 

Th is result is independ ent of the cu rrent and on ly depends on the charge Q that IS 

transferred across the EMF. So for a ll the following parts, thi s quantity is the same. 
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All of thi s chemical energy is di ssipated in to thermal energy due to the interna l res istance 
of the battery to the fl ow of current. When the battery stops de li vering current, the battery 
will reach thermal eq uili brium with the surroundings and this thermal energy w ill fl ow 
into the surroundin gs. 

c) What va lue of R,. max imizes the tota l power delivered to the load, and how much 

energy is delivered to the load before it expires? How does thi s compare to the 
energy generated in the battery before it expires? 

Solution: The power deli vered to the load is 

We can max im ize this by considered the derivati ve with respect to RI. : 

dF,. = {;' I _ 2R, I = O. 
dR,. R, + R,. J . ( R, + R,. J [(

' 3 J 

Solve thi s equation for R,. : 

The current is then 

( I J'=2R( I J' 
R,+ R,. I. R,+ R,. ' 

R, + R,. = 2R,. , 

R,. =R,. 

1 = E: = 
R,+ RI. 2R, 

The power de livered to the load is 

P. = I ' R = -..£ R =.!..£ ( J
' , 

I .. ma_~ I. 2 R, ' 4 R
j 

The energy de l ivered to the load is then 
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U = IR Q = ...£RO=CQ = ~U 
I. I . 2R I - 2 2 dl<'III ' , 

So exactly hal f the chemi ca l energy is del ivered to the load. 

d) What va lue for the res istance 10 the load R,. wou ld you need if you want to 

deliver 90% of the chemi ca l energy generated in the battery to the load? What 
current should fl ow? How does the power de li vered to the load now compare to 
the maximum power output you found in part c)? 

Solution: Even though we max im ized the power delivered to the load in part cc), we are 
wasting one half the chemical energy. Suppose you want to waste only 10% of the 
chemical energy. What current should fl ow? 

This im pli es that 

This is sati sfied when 

So the current is 

The power output is then 

f' R, = C R,. = 0.9c . 
. R + R , ,. 

!' =~ 
lOR, 

P = f"R = ~ 9R =~ ~£ =~p ( J' ( 'J I. I. lOR, I 25 4 R, 25 1 •. m:lx · 

So we waste 10% of the energy and still maintain 36% of the maximum power output. 

Problem 6: Battery Life 

AAA, AA, ... D batter ies have an open ci rcuit voltage (EMF) of 1.5 V. The difference 
between different s izes is in the ir li fet ime (tota l energy storage). A AAA battery has a 
life of about 0.5 A-hr whil e a D battery has a li fe of about 10 A-hr. O f course th ese 
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numbers depend on how quickly you discharge them and on the manu fac turer, but these 
numbers are roughly correct. One important difference between batteries is the ir internal 
resistance - a lkaline (now the standard) D cell s are about 0.1f2. 

Suppose that you have a multi-speed winch that is 50% efficient (50% of energy used 
does use ful work) run offa D cell, and that you are trying to lift a mass of60 kg (hmmm, 
I wonder what mass that would be) . The winch acts as load with a variable res istance R,. 

that is speed dependent. 

a) Suppose the winch is set to super-slow speed. Then the load (winch motor) res istance 
is much greater than the battery' s internal resistance and you can assume that there is 
no loss of energy to internal res istance. How high can the winch lift the mass before 
discharging the battery? 

This is just a questi on of energy. The battery has an energy storage of( 1.5 V)( IO A-hr) = 

15 W-hr or 54 kJ . So it can lift the mass: 
; 

U = II1gh => h - ~- 54 kJ t 146 ml 
- mg -(60kg) (9.8 m/s) 

The factor ofa halfi s there because the win ch is only 50% effi c ient. 

b) To what res istance RL should the winch be set in order to have the battery lift the 
mass at the fas test rate? What is this fa stest rate (m/sec)? HINT: You want to 
max imize the power de livery to the winch (power di ss ipated by Rd. 

First we need to determine how to max imize power delivery. Ifa battery V is connected 
to two resistances, r ; (the internal resistance) and R, the load resistance, the power 
di ss ipated in th e load is: 

P= J 2R = (~)2 R =Vo' R 
R +r, (R +I;)' 

We want to max imize this by vary ing R: 

dP d ( ' ( )-' ) ,[( )-' ( )-3 ] dR = dR Vo-R R + 'i - = Vo- R + Ii - 2R R + Ii = 0 

Multiply both s ides by Vo-' (R + Ii)3 :[(R + 1;)-2RJ = r, - R = 0 => IR - rl -, 

So, to get the fastest rate of lift (most power dissipation in the winch) we need the winch 
resistance to eq ual the battery internal resistance, RL = r; = 0. 1 f2. 

Us in g thi s we can get the li ft rate from the power: 

P = f ' R = _ v.o - R = v'o' = ~2 d ( I) dh V.o-
( )

., 50%4/ ., 

- mg 1 =>V=-=--
I. R,. + r; I. 4/; dl dl 8/;mg 

Thus we find a li st rate of Iv = 4.8 mm/sl 
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c) At th is fastest lift rate how high can the wi nch li ft the mass before d ischarg ing the 
battery? 

This is just part a over again, except now we waste ha lf the energy in the internal resistor, 

so the winch w ill only ri se ha lfas hi gh, to 123 ml 

d) Compare the cost o f powering a desk light with D cells as opposed to plugg ing it 
. into the wa ll. Does it make sense to use rechargea ble batteries? Res identia l e lectric ity 

costs about $O. l/kwh. 

A D cell has a battery life of 10 A-hr, meaning a total energy storage of ( 1.5 V)( I 0 A-hr) 
= 15 Watt-hrs. We could convert th at to about 50 kJ but Watt-hours are a useful unit to 
use because e lectric ity is typically charged by the kW-hour so th is will make comparison 
easier. A D battery costs about $ 1 (you can pay more, but why?) So D batteries cost 
about $ 1/0 .0 15 kwh or $70/kwh. 
Res identia l e lectric ity costs about $O.l /kwh. So the battery is nearly three orders of 
magni tude more expensive. It defi nite ly makes sense to use rechargeable batteries - even 
though the upfront cost is s lightly more expensive you will get it back in a couple 
recharges . As fo r your desk li ght, or anything that can run on batteries or wa ll power, 
plug it in. If it is 60 Watts, for every hour you pay only 0.6¢ w ith wa ll power but run 
through $4 in D batteries. 
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Problem 7: Faraday Cage 

Consider two nested, spheri ca l cond ucting she ll s. The first has inner radi us a and outer 
radi us b. The second has inner rad ius c and outer rad ius d. 

In the following fo ur s ituations, determine the total charge on each o f the faces of the 
conducting spheres (inner and outer to r each), as well as the e lectric fie ld and potentia l 
everywhere in space (as a function of distance r from the center of the spheri ca l shell s). 
In a ll cases the she ll s beg in uncharged, and a charge is then instant ly introduced 
somewhere. 

(a) Both she lls are fl oati ng - that is, their net charge will remain fi xed . A pos it ive charge 
+Q is in troduced into the center o f the inner spheri ca l she ll. Take the zero of 
potent ia l to be at infi nity. 

There is no e lectric fi eld inside a cond uctor. A Iso, the net charge on an isolated conductor 

is zero (i .e . Q" + Qb = Q, + Q" = 0). 

Q" = - Q , Qb = -Q" = Q , Q,. = -Q , Q" = -Q,. = Q 

Using the Gauss' s law, 

E(r) = 

, 
SinceV(r) = - f E(r)dr , 

o , d -"'-7 r r > 
4 7[&or 2 ' 

O,c < r < d 

o ' b -- r < r <c 
4 7T&or 2 ' 

O,a < r < b 

Q P r < a 
4neo,.2 ' 
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V(r) = 

o 
- -- r > d 
4 7tEor ' 

- Q- ,c < r < d 
4m:od 

Q (~ - ~ + ~J, b < r < c 
4JTco r e d 

~(~- ~ + ~J, a < r < b 
4JTco bed 

~(~-~ + ~ -~+~J,r < a 
4JTco r abc d 

(b) The inner shell is fl oat ing but the ou ter shell is grounded - that is, it is fixed at V=O 
and has whatever charge is necessary on it to maintain this potential. A negative charge­
Q is introduced into the center o f the inner spherica l shell. 

S ince the outer shell is now grounded, Q" = 0 to maintain £(r) = 0 o uts ide the outer shell. 

We have. 

Qo = Q, Qb = -Qo = -Q, Q,. = Q , Q" = 0 

0,1' > c 

£(r) = 
O.a < r < b 

V(r) = 

(c) The inner she ll is grounded but the outer she ll is fl oating. A positive charge +Q is 
introduced into the center o f th e inner spherical she ll. 
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Since the inner she ll is grounded and Qb = ° to mainta in E(r) = ° outs ide the inner she ll. 

S ince there is no e lectric field on the outer shell , Q,. = Q" = ° . 
O - -0 Q - 0 - 0 - ° _ (I - __ , h - _I· - ~d -

E(r) = 0 , l
o,r > a 

......, r r < a 
47tco,. 2 ' 

V(r) = lo,~ >(a~_ ~), r < a 

4m:o r a 

(d) Fina lly, the outer she ll is grounded and the inner she ll is fl oating. This time the 
positi ve charge +Q is introduced into the reg ion in between the two shell s. In thi s case 
the questi ons " What is E(r)/V(r)?" are not we ll defined in so me reg ions of space . In the 
reg ions where these questions can be answered, answer them. In the reg ions where they 
can ' t be answcred, exp la in why, and g ive as much information about the potentia l as 
possible (is it pos itive or negative, fo r exam ple) . 

The electri c fi e ld within the cavity is zero. If there is any field line that began and ended 

on the inner wa ll , the integral[]E. cis over the c losed loop that inc ludes the field line 

would not be zero. This is imposs ible s ince the e lectrostatic field is conservative, and 
therefore the e lectric field must be zero inside the cav ity. The charge Q between th e two 
conductors pull s minus charges to the near s ide on the inner conducting she ll and repels 
plus charges to the far s ide of that she ll. However, the net charge on the outer surface of 
the inner she ll (Qb) must be zero since it was initia lly uncharged (fl oating). Since the 

outer she ll is grounded, Q" = ° to maintain E(r) = ° outside the outer shell. Thus, 

o = Q = Q = ° 0 = -Q and E(r) = ° r < b or r > c -.-(/ h d , _,. , 

For b < r < c, E(r) is in fact we ll defined but it is very complicated. The fi led lines are 

shown in the fi gure below. 
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What can we say about the electric potential? VCr) = 0 for r > c , and 

VCr) = constant for r < a but the potential is very complicated defined between the 

two shells. 
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Problem 8: Capacitance, Work and Energy 

Two flat, square meta l plates have s ides of length L , and thickness s/2, are arranged 

parallel to each other with a separation of s , where s« L so you may ignore fringing 
fields. A charge Q is moved from the upper plate to the lower plate. Now a force is 

app lied to a third uncharged conductin g plate of the same thickness s/2 so that it lies 

between the other two plates to a depth x, mainta ining the same spacing s/4 between its 

surface and the surfaces of the other two. You may neg lect edge effects. 

a) Using the fact that the meta ls are equipotentia l surfaces, what are the surface 

charge densities 0"1. on the lower plate adjacent to the wide gap and 0"11 on the 

lower plate adjacent to the narrow gap? 

b) What is the e lectric field in the wide and narrow gaps? Express yo ur answer in 
terms of L , x , and s. 

c) What is the potential difference between the lower plate and the upper plate? 

d) What is th e capac itance of this system? 

e) How much energy is stored in the e lectric fi e ld? 
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Summary of Class 15 8.02 

Topic: RC Circuits 
Related Reading: Course Notes: Sections 7.5 - 7.6 
Experiments: (4) RC Circuits 

Topic Introduction 

Today we will investigate the behavior of DC circuits containing resistors and capacitors (RC 
circuits). We will then measure voltage, current and across various RC circuit elements and 
the time constant for an RC circuit in experiment 4. 

RC Circuits 

A simple RC circuit is shown at right. When the switch is closed, current will flow in the 
circuit, but as time goes on this current will decrease. We can 
write down the differential equation for current flow by writing 

down Kirchhoff's loop rules, recalling that If>VI = Q/ C for a 

capacitor and that the charge Q on the capacitor is related to 
current flowing in the circuit by I = ±dQ/ dt , where the sign 
depends on whether the current is flowing into the positively 
charged plate (+) or the negatively charged plate (-). The solution to 
this differential equation shows that the current decreases 
exponentially from its initial value while the potential on the 
capacitor grows exponentially to its final value. The rate at which 
this change happens is dictated by the "time constant" 't, which for 
this circuit is given by T = RC . 

Interestingly, in RC circuits any value that you could ask about 
(current, potential drop across the resistor, across the capacitor, ... ) 
"decays" exponentially (either down or up). You should be able to 
determine which of the two plots at right will follow just by thinking 
about it. 

Measuring Voltage and Current Circuits 
In the first experiment you relied on the battery voltage and an internal current sensor to tell 
you the voltage and current in the circuit. In this lab we will want to record the voltage not 
only across the battery but also, separately, across the capacitor. We also will have some 
parallel branches which we want to measure current through. In order to make these 
measurements you will need to use a voltmeter and ammeter. Details of the use may be found 
in the experimental write-up, but more generally, when thinking about current and voltage 
there is an important difference you should keep in mind. Current is a value associated with 
the flow of charges THRU some surface (some point in the wire). Voltage measurements, on 
the other hand, are only meaningful as differences, and hence are measured ACROSS a 
circuit element or BETWEEN two points in a circuit. 

Summary for Class 15 p.1I2 



Summary of Class 15 8.02 

Experiment 4: RC Circuits 
Preparation: Read pre-lab and answer pre-lab questions 

This extended lab will introduce you to the techniques of measuring current and voltage in a 
circuit and then allow you to observe the exponential behavior of RC circuits as they are 
"charged" and "discharged" using a battery which periodically turns on and off. You will 
measure the time constant of several circuits and investigate how it changes as resistance, or 
capacitance are modified. 

Important Equations 
Exponential Decay: 

Exponential "Decay" Upwards: 

Simple RC Time Constant: 

Summary for Class 15 
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Value = Valuejinal (I_ e-'Ie) 
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Class 15: Outline 

Hour 1: 

RC Circuits 

Hour 2: 

Expt 4: RC Circuits 

Exponential Decay 

Consider function A where: dA = - ~ A 
dt r 

A decays exponentially: 
1.OAoT--- ----------, 

'ct O.SAo 

AJe:,/'j---"'""""'Ic 
O.3S8Ao 

A = Aoe-I
/

T 

o:aA • .J----1---+-..::::::~=p-_r___l 
~ 11 ~ 4: ~ 6: 

Time I 

RC Circuits 
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lDis)Charging a Capacitor 
1. When the direction of current flow is toward 

the positive plate of a capacitor, then 

[!JQ I 
C~arging 

J = +_ ' CUr'e'f\o,04, :!) m ~~~~~~~-------------------
, , 

2. When the direction of current flow is away from 

C~~····~~'·'i~~""'"' ulr-0,J- ~ ,.L e dt :..:.......::::.:_-.:..ll.~<L-=-______ _ 

L--=== ________ .~'.. O,w',;r V,iJiV> <£) 

Charging A Capacitor 
R 

f) 

A" TYV 

--/\ ' T ~,O~(: ffs 
£ s 

What happens when We close switch S? 

Charging A Capacitor 

.. II,. ... 
-I?.L- t" O( ht~(of I f' Je t !' +Q~ 

s 
£ 

Q dO 
II'lV =e----=R=O 

. ' C dt 
r~ " , 

I 
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RC Circuit 
dQ 1 
-=--(Q-Cc) 
dt RC 

Solution to this equation when switch is closed at t = 0: 

f Q(t)=C£(I -e-''' ) 

.. J~, --- --- ------- T =RC : time constant 

V i (units: seccnds) 
t 

dl+ ---J~. 

Solve Diferential Equation for 
Charging RC Circuits 

PRS Question: 
Current in RC Circuit 

Class 15 
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h.2oj PRS: RC Circuit 
An uncharged capacitor is H 

connected to a battery. resistor 0 
and switch. The switch is initially - 0 

open but at t = 0 it is closed. A ~ QL, 
very long time after the switch is 
closed, the current in the circuit is E S 

"" 1. Nearly zero 
.% 2. At a maximum and decreasing 
. % 3. Nearly constant but non-zero 
... 4. I don't know 

PRS: RC Circuit 

Consider the circuit at right, S -1~ .J\"~ 
with an initially uncharged 

~ C capacitor and two identical 
resistors. At the instant the " 
switch is closed: 

~ AA R 

." 1. IR", Ie = 0 

." 2. IR = e/2R; Ie = 0 

... ~ IR = 0; Ie = e/R (Ol.' . IR = e/2R; Ie = aiR 
"" 5. I don't know 

, 

Charging A Capacitor 

q 

CEt· ·· ··- ··~· · · · 
O.632CE~"'~ 

~----- I I 
Q=CC(I_ e,IRC ) 

~ ~ 

"J ;1l.6tif~t .5w;+(,~ G~ jeS C I:, t/t'c 
(A \-II Ire.. 1'0 .::0 

" 

r 7 

()V drop 
( ~rt!f I 
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Discharging A Capacitor 

I 1<0 

What happens when we close switch S7 

Discharging A Capacitor 

-q 1= Loci} ~ t, c=:= 
+q dt -< 

S 
1>0 

L .M-; =!L-IR = 0 Lt.V; =!L+ iiti'R= 0 
i C t C dt 1'1$011 

1'I vw" I , ertf",-! '" tet"" .if + 

RC Circuit: Discharging 

dQ = __ .1 Q 
dt RC 

Solution to this equation when switch is closed at t = 0: 

Q 

T = Re: time constant 

Class 15 
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Demonstrations: 
RC Time Constants 

Group Problem: Circuits 

For the above circuit sketch the currents 
through the two bottom branches as a 
function oftime (switch closes at t = 0, opens 
at t = 7). State values at t = O+, T-, T+ 

PRS Questions: 
RC Circuit 

Class 15 
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PRS: RC Circuit 
Now, after the switch has 

S "--1£ .. R 
1 r ' vvv 

been closed for a very long 
-----'<:... <;:, time, it is opened. What 

happens to the current " 
through the lower resistor? 

~ . R 

'" 1. It stays the same 

"" 2. Same magnitude, fiips direction ... 3. It is cut in half, same direction 

"" 4. It is cut in half, flips direction 
A "" 5. It doubles, same direction 

~ ... 6. It doubles, fiips direction 

'"' 7. None of the above 

PRS: Current Thru Capacitor 
In the circuit at right the S "--1£ .,.~ 
switch is closed at t = o. 
At t = 00 (long after) the -----'<:... <;: 
cu~hroughthe " 
cae9!<ltor will be: ~ R 

& lc=O 
rY 

2.1c =s/R 
3. Ic = s/2R 
4. I don't know 

"'~ 

PRS: Current Thru Resistor 
In the circuit at right the S £ , R 

switch is closed at t = o. "--1 H 

At t = 00 (long after) the -----'<:... <;: 
current through the lower I 

resistor will be: 
~ " R 

1. IR =0 vvv 

2. 1. =e/R 
{) I. =s/2R 

4. I don't know 
,,1,.11 
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PRS: Opening Switch in RC Circuit 
S E .. R. 

Now, after the switch has ---1 - H 

been closed for a very long 
~ C time, it is opened. What , 

happens to the current 1-" -
through the lower resistor? ---'...... R , 

Q It stays the same 
.,. 

2. Same magnitude, flips direction 
3. It is cut in half, same direction 
4. It is cut in half, flips direction 

CD It doubles, same direction 
6. It doubles, flips direction 
7. None of the above. '1'-: 1 

I . 
Expenment 4: 

RC Circuits 

; 

I 

Measu~ing Current (THRU) 

BLK@ RED~ _ 

1. Hook in SERIES: current must go thru to measure 
2. 'PosHive" if runs from Red to Black 

3. Note: Not ideal- 1 n resistance. Does it matter? 

Class 15 

* V(J t f-a.t !­
fY\ Ov fUI\. 

,;;J f O ( e (' (a,ftJr 

Cctf;ul o/" or 
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Y'lC5SClfn'h 
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Measuring Voltage (ACROSS) 
RED W BLK 

1. Hook in PARALLEL: reads VRmj - VB.'" 
2. Note: Not ideal- 1 Mn resistance. Does it maUer? 

Expt. 4, Part I: RC Circuits 

• Download and run Lab 4 
• Build an RC circuit: BaUery 

• Measure current ( I ~ 
thru and voltage r + - \ le . across capacitor ,'taPlacltor A 

• As battery 'turns on I '--1 f---JvVy-, I 
and off: what happens to 
the capacitor? WHY? 

PRS: Voltage/Current in RC 
Starting from a point in time where the voltage 
across the battery (V B) & across the capacitor 
(Vel as well as the current (I) are all zero, what 
happens when the battery is 'turned on'? 

CD. I jumps up then decays as V c ri~es 
2. V c jumps up then decays as I rises 
3. I & V c both jump up then decay 
4. I & V c both gradually rise 
5. I don't know 

Class 15 
Cu((en,1- Ci{1\ JJ~ 
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Expt. 4, part II: RC Circuits 

Same RC circuit Battery 

Determine the resistance I ~ 
Measure the time constant ~I + _ 
to determine the 

I'
capa1citor A A A _ ; 

capacitance .-VVy-
• You have a 2nd identical 

resistor, Where do you put it 
to make the TC as SHORT 
as possible? 

RC Circuit 
--L.- Readings on Voltmeter 

c % • -Resistor (c-a) 

I ~ I · -:: :'-s:.~e~!'~~~-.tcl 
l",v/<:~C 

-LJ.o417'-~ 
s "I L---'t~-:='-

t=o' : Capacitor is uncharged so resistor sees full 
battery potential and current is largest 

t=~: Capacitor is "full." No current flows 

Measuring Time Constant 

Value 

Valuc(t) = Valueoe-ffr 

How do you measure t? 
1) a) Pick a point 

b) Find point with 
"value" down by e 

c) Time difference is t 

2) Plot semi-log and fit 
curve (make sure you 
exclude data at both 
ends) 

Read instructions aboul cursors, Right click to fit 

Class 15 
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OBJECTIVES 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics 

8.02 

Experiment 4: RC Circuits 

1. To explore the time dependent behavior of RC Circuits 
2. To understand how to measure the time constant of such circuits 

PRE-LAB READING 
INTRODUCTION 

In this lab we will continue our investigation of DC circuits, now including, along with 
our "battery" and resistors, capacitors (RC circuits). We will measure the relationship 
between current and voltage in a capacitor, and study the time dependent behavior of RC 
circuits. 

The Details: Capacitors 

Capacitors store charge, and develop a voltage drop V across them proportional to the 
amount of charge Q that they have stored: V = Q/C. The constant of proportionality C is 
the capacitance (in Farads = CoulombsNolt), and determines how easily the ca~acitor 
can store charge. Typical circuit capacitors range from picofarads (1 pF = 10-1 F) to 
millifarads (1 mF = 10-3 F). In this lab we will use microfarad capacitors (1 [.IF = 10-6 F). 

RC Circuits 

Consider the circuit shown in Figure 1. The capacitor (initially uncharged) is connected 
to a voltage source of constant emf £ . At t = 0, the switch S is closed. 

Rcsislor R 
(a) (b) 

- q 

II 
Capacitor 

.q~ 
S 

£. 

Figure 1 (a) RC circuit (b) Circuit diagram for t > 0 

In class we derived expressions for the time-dependent charge on, voltage across, and 
current through the capacitor, but even without solving differential equations a little 
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thought should allow us to get a good idea of what happens. Initially the capacitor is 
uncharged and hence has no voltage drop across it (it acts like a wire or "short circuit"). 
This means that the full voltage rise of the battery is dropped across the resistor, and 
hence current must be flowing in the circuit (VR = JR). As time goes on, this current will 
"charge up" the capacitor - the charge on it and the voltage drop across it will increase, 
and hence the voltage drop across the resistor and the current in the circuit will decrease. 
This idea is captured in the graphs of Fig. 2. 

(a) 

J 
J 

V=c , , 
Q,=Cc (b) 

Time Time 

Figure 2 (a) Voltage across and charge on the capacitor increase as a function of time 
while (b) the voltage across the resistor and hence current in the circuit decrease. 

After the capacitor is "fully charged," with its voltage essentially equal to the voltage of the 
battery, the capacitor acts like a break in the wire or "open circuit," and the current is 
essentially zero. Now we "shut off" the battery (replace it with a wire). The capacitor will 
then release its charge, driving current through the circuit. In this case, the voltage across 
the capacitor and across the resistor are equal, and hence charge, voltage and current all do 
the same thing, decreasing with time. As you saw in class, this decay is exponential, 
characterized by a time constant t, as pictured in fig. 3. 

(a) 

c 
-q 

+q 
R 

s 

(b) 

o 

V,te = 

0.368 Va '------

Time 

Figure 3 Once (a) the battery is "turned off," the voltages across the capacitor and 
resistor, and hence the charge on the capacitor and current in the circuit all (b) decay 
exponentially. The time constant '[ is how long it takes for a value to drop by e (-2.7). 
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The Details: Measuring the Time Constant 't 

In this lab you will be faced with an ex onentially decaying current 1 = 10 exp( -/1 r) from 
which you will want to extract e time constant 1 . We will do this in two different ways, 
using the "two-point method" or the" ogarithmic method," depicted in Fig. 7. 

(a (b) 

~ 
~ 

~ c 
c Q) 
Q) '-
'- '-
'- :::J 
:::J 0 
0 ~ 

c 

Time Time 

Figure 7 The (a) two-point and (b) logarithmic methods for measuring time constants 

In the two-point method (Fig. 7a) we choose two points on the curve (t"I 1) and (t2, h). 
Because the current obeys an exponential decay, 1 = 10 exp( -II r), we can extract the time 
constant 1 most easily by picking h such that h = Ide. We should, in theory, be able to 
find this for any t" as long as we don't switch the battery off (or on) before enough time 
has passed. In practice the current will eventually get low enough that we won't be able 
to accurately measure it. Having made this selection, 1 = tz - tl. 

In the logarithmic method (Fig. 7b) we fit a line to the natural log of the current plotted 
vs time and obtain the slope m, which will give us the time constant as follows: 

That is, from the slope (which the software can calculate for you) you can obtain the time 
constant: r = -11m. 

In using both of these methods you must take care to use points well into the decay (i.e. 
not on the flat part before the decay begins) and try to avoid times where the current has 
fallen close to zero, which are typically dominated by noise. 
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APPARATUS 

1. Science Workshop 750 Interface 

In this lab we will again use the 750 interface to create a "variable battery" which we can 
tum on and off, whose voltage we can change and whose current we can measure. 

2. ACIDC Electronics Lab Circuit Board 

We will also again use the circuit board of Fig. 8. This time we will use the inductor (E) 
as well as the connector pads (F) for resistors and capacitors, and the banana plug 
receptacles in the right-most pads to connect to the output of the 750. 

1111 
Figure 8 The ACIDC Electronics Lab Circuit Board, with (A) Battery holders, (B) light 
bulbs, (C) push button switch, (D) potentiometer, (E) inductor and (F) connector pads 

3. Current & Voltage Sensors 

Recall that both current and voltage sensors follow the convention that red is "positive" 
and black "negative." That is, the current sensor records currents flowing in the red lead 
and out the black as positive. The voltage sensor measures the potential at the red lead 
minus that at the black lead. 

(a) 

Figure 9 (a) Current and (b) Voltage Sensors 
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4. Resistors & Capacitors 

We will work with resistors and capacitors in this lab. While resistors (Fig. lOa) have 
color bands that indicate their value, capacitors (Fig. lOb) are typically stamped with a 
numerical value. 

(a) 

Figure 10 Examples of a (a) resistor and (b) capacitor. Aside from their size, most 
resistors look the same, with 4 or 5 colored bands indicating the resistance. 
Capacitors on the other hand come in a wide variety of packages and are typically 
stamped both with their capacitance and with a maximum working voltage. 

GENERALIZED PROCEDURE 

This lab consists of two main parts. Tn each you will set up a circuit and measure voltage 
and current while the battery periodically turns on and off. 

Part 1: Measuring Voltage and Current in an RC Circuit 
In this part you will create a series RC (resistor/capacitor) circuit with the battery turning 
on and off so that the capacitor charges then discharges. You will measure the time 
constant using both methods described above and use this measurement to determine the 
capacitance of the capacitor. 

Part 2: Measuring Voltage and Current in an RC Circuit 
In this part you will add a second resistor in parallel with the capacitor to confirm your 
understanding of the in class problem worked before this part of the lab. 

END OF PRE-LAB READING 
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IN-LAB ACTIVITIES 

l er ;W~ 
( ~~ l~ 1;/QMi 
2, r3~ '" CVrill 

7, ~ 
EXPERIMENTAL SETUP r 

;- rllUe re.J .. l?r I = ft,! 
I. Download the LabView file from the web and save the file to your desktop (right l{( ~h ~r(lJ 

click on the link and choose "Save Target As" to the desktop. Overwrite any file by 
this name that is already there). Start LabView by double clicking on this file . 

2. Connect the Voltage Sensor to Analog Channel A on the 750 Interface. We will 
obtain the current directly from the "battery" reading. 

3. Connect cables from the output of the 750 to the banana plug receptacles on the lower 
right side ofthe circuit board (red to the sin wave marked output, black to ground). 

MEASUREMENTS 

Part 1: Measuring Voltage and Current in an RC Circuit 

I . Quickly measure the resistance of the resistors (how can you do that?) 

2. Create a circuit with the first resistor and the capacitor in series with the battery 

3. Connect the voltage sensor (channel A) across the capacitor 

4. Record the voltage across the capacitor Vand the current sourced by the battery I 
(Press the green "Go" button above the graph). During this time the battery will 
switch between putting out I Volt and 0 Volts. 

Question 1: r ', r , 
I (s I I -) ''''- 1fi'((1~ 1 

What is the resistance of the resistor? Using the two-point method, what is the time 
constant of this circuit? Using this time constant and the typical expression for an RC 
time constant, what is the capacitance of the capacitor? 

I ( R.:- JL 1m Jl :- LI/t~ JL OhtyJ 
\ \ v ~ tfQ. :L IHI"'It ,I9S 

_I~ {\.. --; / _ + = Jo e ~ p ( -iiI") Y :- II t'\s C ~ if ,,/ 
b~H . ff- . t 2~ 1;/e 1~s1tl :- -k. CQ. -( ,,·r 

ix,lfQ'l Question 2: ~+z. -+, . '4 J_ / J 
, Using the logarithmi - ethgd, what is the time constant o~s circuit? Using this time / 

( constant,_what is theCaPacitanc · ca acitor? I Q (I) .:: ~ (/ - e --11 
~9l- ---------,,_ / c-/(1_ -tly 

(V( If" ''---. 1 ./ ~ /' r~) 
~ f J!:'{{ \;" 

~r-I / E04-7 
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Part 2: Measuring Voltage and Current in a parallel RC Circuit 

1. Add the second resistor in parallel with the capacitor 

2. Record the voltage across the capacitor V and the current sourced by the battery I 
(Press the green "Go" button above the graph). During this time the battery will 
switch between putting ~ut 1 Volt and 0 Volts. 

cc-mr/. 1-- "" ' ~})I!.<. \i '~ 
Question 3: U ,"e', j (in! r 

/ 

Using one of the two methods used above, what is the time constant of this new circuit? 
Is there any difference between this circuit (where the battery "turns off") and the one you 
solved analytically in class (where a switch opens next to the battery)? If so, what? If 
not, why not? 

I ~ ( /' 'T 

~ ,y:5'('J 

f\J0 Thfe I, 
0f~~ I"j 0. 

Of f ().. 
:1;, 'h~ 

cdtf'i 

( 
IJ. 

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

• What happens if we instead put the second resistor in series with the capacitor? 

• What if we change the order of the elements in the circuit (e.g. put the capacitor 
between the two resistors, or switch the leads from the battery)? 
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Summary of Class 16 8.02 

Topic: RC Circuits 
Related Reading: Course Notes: Sections 7.1 - 7.6,7.8-7.9 
Experiments: (4) RC Circuits 

Topic Introduction 

In the last couple of classes you had the chance to hear about and then investigate the 
behavior ofRC circuits. In today's problem solving session you will practice solving 
analytic and answering short conceptual questions about these circuits. 

RC Circuits 

A simple RC circuit is shown at right. When the switch is closed, current will flow in the 
circuit, but as time goes on this current will decrease. We can 
write down the differential equation for current flow by writing 
down Kirchhoffs loop rules, recalling that Ic.VI = Q/ C for a 

capacitor and that the charge Q on the capacitor is related to 
current flowing in the circuit by I = ±dQ/ dt , where the sign 

depends on whether the current is flowing into the positively 
charged plate (+) or the negatively charged plate (-). The solution to 
this differential equation shows that the current decreases 
exponentially from its initial value while the potential on the 
capacitor grows exponentially to its final value. The rate at which 
this change happens is dictated by the "time constant" _, which for 
this circuit is given by r = RC . 

Interestingly, in RC circuits any value that you could ask about 
(current, potential drop across the resistor, across the capacitor, ... ) 
"decays" exponentially (either down or up). You should be able to 
determine which of the two plots at right will follow just by thinking 
about it. 

Important Equations 
Exponential Decay: 

Exponential "Decay" Upwards: 

Simple RC Time Constant: 

Summary for Class 16 
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics 

Problem Solving 5: RC Circuits 

OBJECTIVES 

1. To gain intuition for the behavior of DC circuits with both resistors and capacitors or 
inductors. In this particular problem solving you will be working with an RC circuit. 
You should carefully consider what would change if the capacitor were repIaced with 
an inductor. 

2. To calculate the time dependent currents in such circuits 
Iv hrA1 (J ftc '. 
~ n )ftlkut 1- cop:(af/Jr 

REFERENCE: Chapter 7,8.02 Course Notes. 

An RC circuit consists of both resistors and capacitors, and typically a battery to get the 
current flowing. Capacitors, when uncharged, act like pieces of wire ("shorts") as they 
have no voltage drop across them. However, once charge has flowed on to them for a 
while, they "charge up," eventually reaching a potential equal and opposite that trying to 
charge them and effectively preventing the further flow of current. 

~ 

This problem solving consists of two parts. In the first you will answer a series of short 
questions developing your intuition for the behavior of these circuits on short and long 
time scales. In the second part you will work through a quantitative problem. 

Figure 1: RC Circuit 
An RC circuit consists of two 
resistors, RJ and R2, a capacitor 
C, a battery E, and a switch. The 
switch has been open for a very 
long time before it is closed at 
time t=O. 

Write your answer to this and allfollowing questions 011 the tear-sheet at the elld! 
What is/are", 
Question 1: the current Ie (through the capacitor) at t=0+ (just after switch is closed)? 

Solving 5-1 



Question 2: the currents II and h (through RI and R2 respectively) at t=O+? 

r , = Ie ~ t-* 
Question 3: 

1 2:: 0 ~ 
the current Ie (through the capacitor) at t=oo? 0 II 

Question 4: the currents II and h (through RI and R2 respectively) at t=oo? 

~ -t -1*1-
bolth ry c{) I'llf 

At intermediate time I assume there is a charge q on the capacitor. 

Question 5: Using Kirchhoffs Loop Rules, obtain a differential equation for the c arge q 
on the capacitor, assuming RI=R2=R (in other words, the only current in the equation tl 
should be the current through the capacitor, which can be rewritten in terms of dq/dt). G (q+ 

f - l r ~ - ~ it- - 1 L ~ 1~ 00- I, - 12 ~ ~-£L J~J 
Solv, (,0'/) 

I J 

[- I,~ +TL- ~ 1= 1-4 
f - C\( I( d--tJ ~ 2} 
t - d~Q ~ ~ r~It 

Question 6: What is the time constant for charging the capacitor? 

'J :: ~ffb~~ of Q 5£ 
Question 7: Write an equation for the time dependence of the charge on the capacitor 

dQ 

Solving 5-2 



After a long time T the switch is opened. 
What is/are .. . 
Question 8: the current Ie (through the capacitor) at t=T+ (just after switch is opened)? 

Ie ::V C ...- *z. 
C@j 

Question 9: the currents I, and 12 (through R, and R2 respectively) at t=T+? 

Question 10: Using Kirchhoff's Loop Rules, obtain a differential equation for the charge 
q on the capacitor after the switch has been opened, assuming R,=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). 

VC R1 

~ ~ : 0 
O\-

dJl 
- H n. 

~ 
.l 

Question 11: What is the time constant for discharging the capacitor? 

\t-~L L 
l.~f('r(M' , ( G. --

Question 12: Write an equation for the time dependence of the charge on the capacitor 
after time T. 

s.l-t f.t (I",· " ,~)fl I.. \ 

VC '" (YI ~y (~o rLj p 

~ -tIll) 6 en ~ Vc C \ 
(I 2 

l' 1 (e6~fo(;, V'k~ ;-1 

Solving 5-3 , 
v.~s ChOrj ;-t ,' a 



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

f- i 1 f- i 2 

\AN\-

~1 R 

€ 
,J" 

E 
R 13 

C 

+Q -Q 

(a) From Kirchoff's first rule, what is the relation between ii, i2, and i3? 

(b) What does the loop theorem (Kirchhofrs second rule) yield if we traverse the left 
loop of the above circuit moving counterclockwise, in terms of the quantities shown, with 
the directions of the currents as shown? 

(c) What does the loop theorem (Kirchhofrs second rule) yield if we traverse the right 
loop of the above circuit moving counterclockwise, in terms of the quantities shown, with 
the directions of the currents as shown? 

(d) After a very long time, I > > Re, what is the current i I? 

(e) After a very long time, t » Re, what are the currents i2 and i3? 

(f) After a very long time, t » Re, what is the voltage across the capacitor in terms of 
the quantities given? (Hint: use your results from part (b)-(e». 

Solving 5-4 



____ ~ __ ~~_~lv~r~ ______________________ _ 

__ ~L __ ~b(i~o;N~~""-\-j-( ~\ <h r /09 fb'-----------­
~ 
I J, 

f 
v -,-

I 
I I 

I {W 



I 
I J -,/V' Il-- --

~--
--? ~ 

I 

I 
I <oop-> 

1 

". I ~1 

Dcrti-tl()' ~ 1~8~r ¥-r'f_--,btl-{""'~'---------
-----:-----------\-\ I""'P'cP:fL(-lb='i,--9,..;:rh.(V"'-~~=---------
___ --:-_____ -==--[0 ere ~.1 Q, 

.- c ~i;O~ ----
o 

j--ffl--~h ,'~G-r------~-----
____ ~--------~E ~ ~ ~~~~~---l-l-~QL~=~----
___ --:-_______ ~~I~- --trlcw~,~I--I --C--~~-~----



{.f !cd (11\ r G. 

teL\ lit t --:l [) c~o(~e~ rroV":~ if - D J 

-~ 
.r::: C~(}/~e. f ~r 1~.<1 

clt 
cl T~~---------------------

If f 1 I t- 1Jg..:..::.,,-_JlL:.i~b c:!...::~Q:..:..t(aF'!)¥-J ______ _ 

-
1t 

1-) r e5'b il-pr 
:::::vvwvvc::= 

----~---~J (M·~' --------------

, 



MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics 

Spring 2010 
Pl"Oblem Set 6 

Due: Tuesday, March 16 at 9 pm. 

Hand in your problem set in your section slot in the boxes outside the door of32-
082. Make sure you clearly write your lIame and section on your problem set. 

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

Week Six DC Circuits 

C lass 14 W06DI Mff Mar 8/9 

Reading: 
Experiment : 

C lass 15 W06D2 W/R Mar 10/ 11 
Reading: 
Experi ment: 

C lass 16 W06D3 F Mar 12 
Reading: 

Week Seven Magnetic Fields 

Class 17 W07D1 Mff Mar 15116 

Reading: 
Experiment: 

C lass 18 W07D2 W /R Mar 1711 8 

Reading: 

Experiment: 

C lass 19 W07D3 F Mar 19 
Force 
Reading: 

Expl. 3 Bui Id ing a Circuit w ith Res istors, DC 
Circuits & Ki rchhoff's Loop Rul es; 
Course Notes: Sections 7. 1-7.5 , 7.8-7.9 
E"pl. 3 Buildin!! a C irc ui t with Resistors 

RC Circuits; Ex pl. 4: RC Circuits 
Course Notes: Sections 7.5 - 7.6 
Expl. 4: RC Circu its 

PS05: RC Circuits 
Course Notes: Sections 7. 1 - 7.6, 7.8-7.9 

Magnetic Fie lds; Magneti c Forces, Expl. 5: Bar 
Magnet 
Course Notes: Chapter 8. 1-8.3, 8.5-8.6, 8.8-8.9, 9.5 
Expt. 5: Bar Ma!!net 

Creatin g Fie lds: Biot-Savart Law, Currents & 
Dipoles; Expl. 6: Torque on Dipole 
Course Notes: Sections 8.3-8.4, 9.1-9.2, 9.10.1, 
9.11.1-9. 11.4 
E"pl. 6: Torgue on Dipo le 

PS06: Calculating Magnetic Fie lds and Magnetic 

Course Notes: Secti ons 8.8-8.9, 9. 10.1 , 9. 11.1-
9. 11 .4 

PS06-1 



Week Eight Spring Break 

Week Nine Magnetic Fields; Exam 2 

Class 20 W09D I Mff Mar 29/30 Creating Fields: Ampere ' s Law 
Reading: Course Notes: 9.3-9.4, 9. 10.2, 9.11.5-9.11.8 

Class 21 W09D2 W/R Mar 31/Apr I PS07: Ampere ' s Law; Exam 2 Review 
Reading: Course Notes: 9.3-9.4, 9.10.2,9.11 .5-9.11. 8 

Exam 2 Thursday Aprill 7:30 pm -9:30 pm 

W09D3 F Apr2 No class day after exam 

PS06-2 



Problem 1: Four Resistors 

Four resistors are connected to a battery as shown in the 

figure. The current in the battery is I , the battery emf is c, and 
the res istor va lues are R, = R, R2 = 2R, R3 = 4R, R4 = 3R. 

(a) Rank the res istors accord ing to the potenti a l difference 
across them, from largest to sma ll est. Note any cases of equal 
potential differences. 

11 , = 11 ~ 

E: -::;-

J:" = '.l 1: 
- ,A 
HV 

<. I' - " I' .. >' \ .1 - , } \ 

(b) Determine the potential difference across eac h res istor in 

terms of c. 
ItL-______ L-~V'\~~ 

U::;:: It: 

(c) Rank the res istors according to the current in them, from largest to smallest. Note any 
cases of equal currents. 

(d) Determine the current in each res istor in terms of 1. 

(e) If R3 is increased, what happens to the current in each of the res isto rs? 

(f) In th e limit that R3 -> 00, what are the new va lues of the current in each res istor in 
terms of I , th e origi nal current in the battery? 

Problem 2 Multi-loop Circuit 

In the c ircuit below, you can neg lect the interna l res istance of a ll batteries. 

(a) Ca lculate the current through each battery 

(b) Ca lculate the power delivered or used (spec ify which case) by each battery 

,-----VV0t----~------,1 

1 n I n 

2n 
&. = 4 V 

&,= 2 V 

&,= 4 V 

PS06-3 



Problem 3: RC Circuit 

In the c ircuit shown, the switch S has been closed for a long time. At time t=0 the switch 
is opened. It remains open for "a long time" T, at which po int it is c losed again . Wr ite 
an equati on for (a) the vo ltage drop across the 100 kQ resistor and (b) the charge stored 
on the capacitor as a function of time. 

Problem 4: Energy stored in a capacitor 

You know that the power suppli ed by a battery is given by P = VI (the battery voltage 
times the current it is supplying). You a lso know that a res istor di ss ipates power (turns it 
into heat) at a rate g iven by P = ]2R. 

Consider a simple RC circuit (battery, res istor R, capac itor C). Determine an express ion 
for the energy stored in the capacitor by integratin g the di ffe rence between the power 
supplied by the battery and that consumed by the resistor. Should the energy be re lated to 
the current through the capacitor or the potential across it? 

Problem 5: Capacitors 

In the c ircuit shown at right C, = 2.0 flF, C2 = 6.0 IIF, 
C3 = 3.0 fl F and L':.V = 10.OV. Initia lly a ll capac itors 

are uncharged and the switches are open. At time 
1= 0 switch S2 is c losed. At time I = T switch S2 is 
then opened, proceeded nearly immediate ly by the 
c los ing of S, . Finall y at I = 2T switch S, is opened, 
proceeded nearly immedi ate ly by the c losing of S2. 
Calculate the following: 

(a) the charge on C2 for 0 < I < T (after S2 is closed) 

(b) the charge on C, for T < I < 21' 

(c) the fina l charge on each capac itor (for ( > 27) 

PS06-4 



Problem 6: RC Circuit 

Consider the RC circuit shown in the fi gure. Suppose that the switch has been closed fo r 
a length of time sufficiently long enough for the capac itor to be full y charged. 

:;, R,= 12.0kQ 

I <>--'M- 'I----I-O.-O-I1-F-1' 

I ~I.OO V <; T ,"""or R, =3.00 kQ ~ 

I 
(a) Find the steady-state current in each resistor. 

(b) The switch is opened at t = O. Write an equati on for the current I, 111 R, as a 

functi on of time. 

(c) Find the time that it takes for the charge on the capac itor to fall to l Ie of its initial 
value. 

Problem 7: Experiment 5: Magnctic Fields of' a Bar Magnet and Helmholtz Coil 
Pre-Lab Questions 

Read Ex pe riment 5 before answcring these questions 

Consider two bar magnets placed at ri ght 
angles to each other, as pictured at left. 

(a) If a small compass is placed at point P, 
what directi on does the painted end of the 
compass needle point? 

(b) I f the compass needle instead pointed 15 
degrees clockwise of where you predicted in 
(a), what could you qualitatively conclude 
about the relati ve strengths of the two magnets? 
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics 

8.02 
Problem Set 6 Solutions 

Problem 1: Four Resistors 

Four res istors are co nnected to a battery as shown in the 

figure. The current in the battery is I, the battery emf is G, and 
the res istor va lues are R, = R, R2 = 2R, R3 = 4R, R4 = 3R. 

(a) Rank the resistors according to the potentia l difference 
across them, from largest to smallest. Note any cases of equal 
poten ti a l differences. 

?­
I:, = II ~ 

c: --: ;::-

Spring 2010 

J: .. ;;; '.!.U 
• IVY 

Resistors 2 and 3 can be combined (in series) to g ive 
R" = R, + R, = 2R + 4R = 6R. R" is in paralle l w ith R, and 

the eq ui valent res istance R", is 

It L----'-----'VlAV" 'Ir-. -' 
1:; = 11: 

(6R)(3R) = 2R 
6R+3R 

Since R" ., is in series w ith R" the equivalent res istance of the who le c ircuit is 

RIl " = R, + R,,, = R + 2R = 3R . In seri es, potential difference is shared in proportion to 

the resistance, so R, gets 113 of the battery vo ltage (M~ = E:! 3) and R"., gets 2/3 of the 

battery vo ltage (t.V", = 2E:!3). This is the potential difference across R, (t.V, = 2E:!3), 

but R, and R, must share this voltage: 1/3 goes to R, (t.V, = (I I 3)(2E:! 3) = 2E:! 9) and 

2/3 to R, (t.V, = (2 13)(2E:! 3) = 4E:!9). The ranking by potential difference is 

t.V, > t.v, >M~ >t.V, . 

(b) Determine the potenti a l difference ac ross each resistor in terms o f c. 

As shown from the reasoning above, the potential differences are 

& 2& 
M~ =-:;- , t.V,= -, 

J - 9 
4& 

t.v.3 =-
9 ' 

t.V = 2& 
4 3 

(c) Rank the res istors accord ing to the current in them, from largest to smallest. Note any 
cases of eq ua l currents. 
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A ll the curre nt goes through R" so it gets the most (1, = 1). T he current then spli ts at the 

para ll e l combin ati on. R, gets more than ha lf, because the res istance in that branch is less 

than in the oth er branch. R2 and R3 have eq ua l currents because they are in seri es . T he 

ranking by current is I I > /4 > 12 = 13, 

(d) Determin e the current in each resistor in terms of 1. 

R, has a current of 1. Because the resistance o f R, and R" 111 sen es 

(R23 = R, + R3 = 2R + 4R = 6R) is tw ice that of R, = 3R , tw ice as much current goes 

th rough R, as through R, and R3 • T he current th rough the res isto rs are 

' ,= 1, 1, = 1, = ~, I, = 21 
- .) 3 ' 3 

(e) If R3 is in creased, w hat happcns to the current in each of the res istors? 

Since 

_ _ R" R., R + (R, + RJ R., Rl234 - Rl + R234 - R, + I 

R'3 + R, R, + R3 + R, 
increas ing R3 increases the equi va lent resistance of the entire c ircuit. The current in the 

c ircuit , which is the current through R" decreases. Thi s decreases th e potentia l diffe rence 

ac ross R" in creas ing the potenti a l diffe rence across the para ll e l combinati on. Wi th a 

larger potenti al di fference the c urrent through R" is increased . With 1I1 0re current go ing 

through R." and less in the c ircuit to start w ith, the current through R, and R3 must 

decrease. Thus, 

I., increases and 1" I" and 13 decrease 

(I) In the limit that R3 --> 00, what are the new values of th e current in each resistor in 
terms of I , th e orig in al current in the battery? 

If R3 has an infinite res istance, it blocks any current from pass ing through that branch 

and the circuit e ffecti vely is just R, and R, in series w ith th e battery. The c ircuit now has 

an equi val ent res istance o f R" = R, + R, = R + 3R = 4R . The current in the c irc uit drops 

to 3/4 o f the ori g ina l current because the res istance has increased by 4/3 . A ll this current 

passes through R, and R", and none passes through R, and R, . There fo re, 

31 31 
' , =-, 1, = 1, = 0, t . =-4 - , ' 4 
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Problem 2 M ultiloop Circuit 

In the circuit below, you can neg lect the interna l res istance of all batteries. 

(a) Calc ul ate the current through each battery 

(b) Ca lcul ate the power de li vered or used (spec ify which case) by each battery 

,---.NV\f' - - -,-------ci 

10 1 0 

20 
0, = 4 V 

O,= 2 V 

O,= 4 V 

Solution: 

(a) Ca lculate the current th rough each battery. 

We beg in by choos ing currents in every branch and trave l d irecti ons in the two loops as 
shown be low. 

v\\fI/' J~~ 1 n -
':::;;::'J 
~, - C C 

G, 
V 

-~ 

= 4V 

-I 6,=4 V 
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Current conservation is given by the condition that the current into ajunction of branches 
is equal to the cu rrent that leaves that j unction: 

The two loop laws for the vo ltage diffe rences are: 

2 V - (/,)(I 0)-(1,)(20)-4 V = 0. 

- (/, )(10) + 4 V + 4 V+(I, )(2 0) = 0 . 

Strategy: Solve the first loop law for I, in terms of I , . Solve the second loop law for I , 

in terms of I, . Then substitute these results into the current conse rvat ion and so lve for I, . 

Then determine I, and I , . 

The first loop law becomes 
I , = -2 A - 21, . 

The second loop law becomes 
I , = 8 A+21, . 

Current conse rvation becomes 
-2 A -21, = I, +8 A+21, . 

Solve for I , : 

1, = -2A . 

Note that the negati ve sign means the I, is flowing in a directi on oppos ite the direction 

indicated by the arrow. This means that battery 2 is supplying current. 

Solve for I,: 

1,=-2A-2(-2A)=2A 

Solve for I, : 

I, = 8 A+2(-2 A) = 4 A . 

(b) Calculate the power delivered or used (specify which case) by each battery. 

The power del ivered by battery I is p, = (&, )(1,) = (2 V)(2 A) = 4 W . 

The power de livered by battery 2 is P, = (&, )(1,) = (4 V)(2 A) = 8 W . 

The power de li ve red by battery 3 is p, = (&,)(1,) = (4 V)(4 A) = 16 W. 

The total power delivered by the batteries is 28 W 
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Chec k: The power de li vered to the res istors: 

The power de li vered to res istor I (in left branch) P, = (/, ' )(11,) = (2 A)'( I 0) = 4 W . 

The power de li vered to res istor 2 (in center branch) P, = (l,' )(R, ) = (2 A)'(2 0) = 8 W . 

The power delivered to res istor 3 (in ri ght branch) P, = (1,' )(R,) = (4 A)' (1 0 ) = 16 W . 

The total power de li vered to the resistors is a lso 28 W. 

Problem 3: RC Circuit 

In the circuit shown, the switch S has been c losed for a long time. At time t=O the switch 
is opened. It remains open for "a long time" T, at which point it is closed again. Write 
an equation for (a) the charge stored on the capacitor and (b) the current through th e 
switch as a function of time . 

.. -,11 .0 kU 

I ~~~L--------~ 

-.L [ 11.0 \ - / 

T f L ___________ ~_L-__ ~~~--~ 

[11 .O.u l-' 

I 'll } k!l 

(a) The capacito r begins uncharged. When the switch is opened at t=O we have an RC 
circuit with R = 150 kO and C = I 0.0 ~lF, so t = RC = 1.50 s. The final voltage (after an 
infinite time) o n th e capacitor will be the battery voltage (I O.OY) so we can write the 
equat ion for vo ltage on the capacitor during charging as: 
v,. = v,.. (I -e-'/' ) = 10.0 V ( l _e- ·/1.50, ) [fOri < T] 

During discharge the capacitor starts at its value at I = T (whi ch we can get with the 
equation above) and then dri ves through the 100 kO resistor and the switch. The time 
constant is thus now only 1.00 s. So the voltage goes like: 
fie = Voe -(t-T)j r = 10.0 V (1- e - 1"/ 1.50 s) e -(1-1")/ 1.00 S [for I ~ T ] 

Of course, we were asked for charge, not vo ltage, for which we use Q = ev . 

(b) When the switch is open (between t = 0 and T) there is no current through it. When it 
is closed, however, current fl ows both from the battery AND from the capacitor, both in 
the same directi on (from top to bottom). So they add. The battery just drives a current 
by ohm ' s law th rough the 50.0 kO resistor. The capac itor current we can get from the 
above vo ltage and the 100 kO res istor. So add them and we have : 

1 = 10.0 V (1 _ e- T/ 1. 5O ' ) e -(.-T)/1.00' + 10.0 V [fori ;' T] 
100kO 50kO 

Note that we could replace Y/kO with mA, but there is no particular need to do so. 
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Problem 4: Energy stored in a capacitor 
You know that the power supplied by a battery is given by P = VI (the battery vo ltage 
times the current it is supplyin g). You also know (from the Fri day problem so lving) that 
a res istor diss ipates power (turns it into heat) at a rate given by P = 12R. 

Consider a simple RC circuit (battery, resistor R, capacitor C). Determine an express ion 
fo r the energy stored in the capacitor by integrating the di ffe rence between the power 
suppli ed by the battery and that consumed by the resistor. Should the energy be related to 
the current through the capac itor or the potential across it? 

We know that the current that fl ows in the circuit decays exponentia ll y: 

J - J -lit _ [; -II RC 
- oe - R e . 

We can integrate the power supp li ed by the battery minus the power consumed by the 
res istor then to get: 

Uc = f PB( / ')-PR (/')dl'= f .E.e- I'IRC c: _ (.E.e-I'IRC)2 Rdl' 
1'=0 1'=0 R R 

_ [;2 If - I'l t -2l'/rd ,_ [;2 [ - I'l t r -2I'lt ]1 _ [;2 r [ - 2I 'lt ~ - I'ltJI -- e -e I -- -re +-e --- e -Le 
R 1'=0 R 2 0 R 2 0 

- Ie 2 [ -21It ~ - l/r IJ- I c[ (I - ll t)]2 -I I CV:2 1 - - c . e - Le + - - £ - e - - C 
2 2 2 

That is, the energy stored in the capac itor depends on the vo ltage across the capac itor 
(which makes sense, as that is a feat ure of the capac itor, while the current through it 
depends more on what resi stor it happens to be hooked to), 
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Problem 5: Capacitors 

In the circuit shown at ri ght C, = 2.0 IIF, C, = 6.0 pI', 
C} = 3.0 pI' and tl V = 10.0 V . Initia lly a ll capac itors 

are un charged and the swi tches are open. At tim e 
1 = 0 switch S, is closed. At time 1 = T switch S, is 
then ope ned , proceeded nearl y immed iately by the 
c losing of S,. Finally at 1 = 2Tswitch S, is opened , 
proceeded nearly immedi ate ly by the closing of S, . 
Calcul ate the following: 

(a) the charge on C, for 0 < 1 < T (after S, is c losed) 

As long as S I is open the battery is out of the circuit and hence none of the capac itors 
will have any charge on them. 

(b) the charge on C, for T < 1 < 2T 
When S, is c losed, the battery is in series with C, and C,. The charge on them w ill thus 
be equa l, and eq ual to th e charge that an equ iva lent capac itor would have. 

C,."". = (C," + C;' r' = (_1- + _ I -)., = I .5 ~lF 
2.0f,lF 6 .0~lF 

Q, (T < 1 < 2T) = Q",,,,,. = C,,,,,,, tlV;.,,,,,, = (1.5 f,lF)(1 0.0 V) = 115 f,lCI 

(c) the fina l charge on each capacitor (for 1 > 27') 
When S, is opened, the battery and C, are removed from the circuit. This means that the 

charge on C I is fi xed at the va lue it was at, IQ, = I S f,lC I· 

The charge on C, wi ll be shared w ith C], so that their potentials will be the same (s ince 
they are now in parallel). So: 

V, =Q, /C, = V, = Q3/C, ; Q,+ Q, =Q, (I =2r) 

Q, _ Q, _ Q, (I = 2r ) - Q, _ ( _ ' ) 
- - - - => O,C - C, 0 , (1- 2T )-Q, => c, C C -. '-. . . , , 

Q, 
__ C,Q, (I = 2r) __ 6.0 f,lF ·15 f,lC 

liD f,lC = Q, I=> IQ, = 5 ~lC I . c, + C, 6.0 ~lF+ 3.0 f,lF 
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Problem 6: RC Circuit 

Consider the RC c ircuit shown in the fi gure . Suppose that the switch has been c losed for 
a leng th of time suffic iently long enough fo r the capacito r to be fully charged. 

S 11 ,= 12.0 kl1 

i/O-%l'--l 
I s 10.0 ~IF -

_ a.DOV 1I'= 1 5 .0 kn ~ 

I 

(a) Find the steady-state current in each res istor. 

Since the capacitor represents an open ci rcuit, 
there is no current through R3. Therefore, a ll the 
charges flow ing through RI goes through R2: 

hence 11 = hand h = O. Now, all you need to do 
is to find a current fl owi ng through the two 
res istors in seri es. 

9.00V 
0.333mA = 3.33 x 10 -1 A 

12.0kQ + 15.0ka 

(b) Find the charge Q on the capaci tor. 

At eq uilibrium, the capacitor is fully charged and ~V"p is eq ua l to the vo ltage drop across 
R2 s ince there is no current through R3 (and therefore th e vo ltage drop across it is zero). 

R, 
~V"p = I ,R, = - E: 

- - R, + R, 
15.0ka (9.00 V) = S.OOV 

12 .0kQ+ 15.0kQ 

Thus, the charge on the capac itor is g iven by 

Q = C~V"p= CE: = (I O.O~lF)(S.OOV) = 50.0).lC = 5.00 x 10-5 C 

(c) The switch is opened at I = O. Write an equation for the current I , in R, as a function 

of time. 

With the switch opened, the capacitor di scharges through the res istors, R2 and R). There 
is no emfin the c ircuit. You a lso need to notice RI is no longer a part of the c losed circuit 
and there is no current through it. Now, you should follow the discuss ion in Section 7.6.2 
or lhe Course NOles with R = R23 =R, + R3 and 1 = h = -h, You ' ll then obta in 

and 

1, (/) = - ciq, =( Q ) e-'''''''' = ( C~V",,, )e-'IUI,.II,W = 0.278 e-'"so"" milliamps 
- cil R2JC (R, + R, )C 
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(d) Find the time that it takes for the charge on the capaci tor to fall to l i e of its initial 
va lue . 

I (I) 0 778 -"ISO"" .., -- e -11180 IU5-1 ---- - e = e 
1, (0) - 0.278e 0 11 so,,,, -

Thus, 
-( 

- l or I = 180 ms 
180ms 

which is ca lled " time constant (r). 
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Problem 7: Experiment 4: Magnetic Fields of a Bar Magnet and Helmholtz Coil 
Pre-Lab Questions 

Read Experim ent 5 before answering these questions 

Consider two bar magnets placed at ri ght 
angles to each other, as pictured at le ft . 

(a) If a small compass is placed at po int P, 
what direction does the painted end of the 
compass needle point? 

It poi nts away from each magnetic North, 
wh ich means toward the upper left corner (45 
degrees if they are the same magnitude) . 

(b) I f the compass need le instead po inted 15 degrees clockwise of where you pred icted in 
(a), what could you qualitatively conc lude about the re lative strengths of the two 
magnets? 

In order for it to point 15 degrees c lockwise the second magnet must 
be stronger than the first. Since the total field is just a vector Sum of 
the two we can see how much stronger. 

tan 30' = ~ =-I-~I B, =.J3B I B,.J3 - I 
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