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Summary of Class 9 8.02 (Q 1
Topics:  Conductors & Capacitors CA V s
Related Reading: Course Notes: Sections 4.3-4.4; 5.1-5.4, 5.9

Topic Introduction dovble AV, @ wil dosble

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 which
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
Since charges are free to move in a conductor, the electric field
- + inside of an isolated conductor must be zero. Why? Assume that
= Birtornat = ~Boextemnai+ the field were not zero. The field would apply forces to the
< charges in the conductor, which would then move. As they
Etotar = 0 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 net zero fl_g__ld__jﬁ_s_igléfﬁle conductor.

.

Eextemal

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 = Q/ IAV_I ), that is, that a large capacitance capacitor can store a lot of charge

with little “effort” — little potential difference between the two plates. G

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 4, a distance d apart. To find its
capacitance we first arbitrarily place charges =(Q on the plates. We calculate the electric field
between the plates (using Gauss’s Law) and integrate to obtain
the potential difference between them. Finally we calculate

the capacitance: C=Q/|AV|=&,4/d . Note that the
capacitance depends only on geometrical factors, not on the

A 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 cha?fgé"_a 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 giv_igg_jc_ﬁﬂg_x_:ﬁ_gr_gés 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 Ql,@QEIJE-ﬁ?ld, and it is in this electric field that the
energy is stored. We assign to the electric field a v@which when

mtegrated over the volume of space where the electric ﬁeld ex1sts tells us exactly how much
energy is sTdfé’d—_"

Important Equations

Capacitance: C= Q/ | AV| fd‘i)‘
Energy Stored in a Capacitor: U=g’ /;zc\;Q|A v|=1Clar|

Energy Density in Electric Field:  u; =4¢,E” /

B
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Conductors

Conductors have free charges
- E must be zero inside the conductor
-> Conductors are equipotential objects

'::.f: :.%f{: E

Neutral
Conductor

+
+
+
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Conductors in Equilibrium

Conductors are equipotential objects:

1) E = 0 inside ,C_Plﬂdd"‘_;? mqtu“mi o
2) E perpendicular to surface - f

3) Net charge inside is 0 3 =

L”E ' ! 7 "";7;-
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Conductors in Equilibrium:
Free Charges Move To Surface

Put net charge inside conductor
It moves to get away from other charges
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PRS: Changing Dimensions&=s
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? - '_*( }—— i
0% 1. Vincreases, Qincreases . .

0% 2. Vdecreases, Q increases Wonlh  dow by fnov iag 1
0% 3. Visthesame Qincreases - . — o
0‘5’- ': Vincreases,Q is the same ; ) |4 ! ) -

0% ~ Vdecreases, Qs thesame il =an]
0% Vis the sama. Q tsthe same
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; PRS: Changing Dimensions

A parallel-plate capacitor has plates with equal and

: t
opposite charges *+Q, separated by a distance d, and 3& lodﬂ'!f Y Qs [ "Mf X d p {u(,e
_is connected to a battery. The plates are pulled apart v 4 N
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Capacitors: Review

Capacitor: Two isolated conductors :
Equal and opposite charges +Q
_ _Pote_ntia! difference AV between them.

\%fgj{.;; - | :_Q

P el C__

for ,(:'mgﬂe

Syrmats)

=77, ~Q These two spherical
e shells have equal
// ~ but opposite charge.
Flnd E everywhare

, chi_ V ew_arywhere

 Spherical Capacitor
Two concentric spherical shells of radii a and b

Gauss's Law
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Spherical Capacitor .
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Energy To Charge Capacitor

*q

;~+¢+¢++‘++++++

Work Done Charging Capacitor

At some point top plate has +g, bottom has -¢
Potential differenceis dV=¢q/C
Waork done lifting another dq is dW = dq AV

(4 % 4 4 + + + + 4+ 4 + + 4

*q

‘Work Done Charging Capacitor
. So work done to move dg is:

g |
dW dg AV =dg—=—qd
GI ‘IC qu

Total energy to charge to q Q
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Energy Stored in Capacitor

Since C =—— 9
[a7]

Q2
- Q]AV| = —C|AV|

~ Where is the energy stored???

if:s how! rhyﬂl!\ Chﬂ.ﬂ&j.
/ Fhot  madbess -

L);hared (n Elebric Floll

Energy Stored in Capacitor
Energy stored in the E field!

Parallel-plate capacitor: C = £,4

2£E

—— (Ed) = = (Ad) =uzx(volume)

2

a1

PRS Question:
Changing C Dimensions
Energy Stored
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PRS: Changing Dimensions/,_

A parallel-plate capacitor, disconnected from a Y
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
tha apamtor compare to the initial energy?

1.' The final stored energy is smaller
0% (2 ., The final stored energy is Iarger

0% 3. Stored energy does not change.

Demonstration:
Big Capacitor
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY

8.02

Due: Tuesday, March 2 at 9 pm.

Department of Physics

Spring 2010

Problem Set 4

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

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

Reading Assignments:

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

Class 11 W05DI1 M/T Mar 1/2

Reading:
Experiment:

Conductors as Shields; Expt. 2: Faraday Ice Pail;
Capacitors and Dielectrics

Course Notes: Sections 4.3-4.4; 5.5, 5.9,5.10.2
Experiment 2: Faraday Ice Pail

http:/web.mit.edw/8.02¢/ www/materials/Experiments/exp02.pdf

Class 12 W05D2 W/R Mar 3/4
Reading:

Class 13 WO05D3 F Mar 5:
Reading:

Add Date Mar 5

Current, Current Density, and Resistance and
Ohm’s Law; DC Circuits
Course Notes: Sections 6.1-6.5; 7.1-7.4

PS04: PHET: Building a Simple DC Circuit
Course Notes: Sections 6.1-6.5;7.1-7.4

PS04-1



Problem 1: Read Experiment 2: Faraday Ice Pail
http://web.mit.edu/8.02t/www/materials/Experiments/exp02.pdf

Consider two nested cylindrical conductors of height /2 and radii & b respectively. A
charge +Q is evenly distributed on the outer surface of the pail (the inner cylinder), -Q on
the inner surface of the shield (the outer cylinder). You may lﬂnore edge effects.

; ~. 8 -
a) Calculate the electric field between the two cylinders (a < r <b).
b) Calculate the potential difference between the two cylinders:

c) Calculate the capacitance of this system, C = 0/AV

d) Numerically evaluate the capacitance for your experimental setup, given: 7 = 15
cm,a=4.75cmand b=7.25 cm. -
| v f}

: :"'.»‘; o-_
e ind the electric fie energy ensity at any pomt etweent € con uctmo
Find the el field d b h J) d "(

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

\, radius r (with a <r <b), height i, thickness dr, and volume 27rhdr ? Integrate your

N
M\

expression to find the total energy stored in the capacitor and compare your result with
that obtained using U, = (1/2)C(AV)*.

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 this 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. Indicate the following events
on the time axis:

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

(d) Remove charge producer

PS04-2



Problem 3: Electrostatic Shielding

Part of the lab this week involves shielding. We have a visualization to help you better
understand this. Open it up:

http://web.mit.edu/viz/EM/visualizations/electrostatics/ChargingBylnduction/shielding/sh

and play with it for a while. You can move the charge around the outside of the shield
(or even inside) using the parameters “radius pc™ and “angle pc.” You can change which
field you are looking at — the total field, just the field of the external charge (“Free
charge™) or just the field of the induced charge (on the shield). You can visualize it with
grass seeds or display equipotential streaks by clicking “Electric Potential.”

Below are three captured images. ['ve blanked out the center so that you can’t see what
is going on inside the conductor. For each describe where the charge is (ROUGH angle
and distance), tell whether | am looking at field lines (grass seeds) or equipotential
streaks (“Electric Potential™) and indicate whether 1 am doing so for the total field, or just
the external or induced field. Also briefly explain HOW you know this (not just “I looked
around until I was able to repeat the pattern™).

PS04-3



Problem 4: Parallel Plate Capacitor

A potential difference V, is applied across the plates of a parallel-plate capacitor resulting
in charges +0, and —(Q, on the plates. The source of the potential difference is then

disconnected from the plates. You then halve the distance between the plates. What
happens to

a) the charge on the plates?

b) the electric field?

¢) the energy stored in the electric field?

d) the potential?

e) How much work did you do in halving the distance between the plates?
Problem 5: Human Capacitor

What, approximately, is the capacitance of a typical MIT student? Check out the exhibit
in Strobe Alley (4" floor of building 4) for a hint or just to check your answer.

PS04-4



1 g | P(ctsme‘ror LO|

M ngT Lt 100 & ~Ta. = @

liC 2 ¢

|| 7 neted  cyliados }afﬂﬂf(i Qige, effeds
O, | A \ ) fh
UL S N e
0 (9, N\ (o) o)
Oon oad \_7-"\\ iy ———
T vor®it e L)
gh Q'ﬁdl‘}"RfJ ~—-Q 7
VRS
0. Calubte i Clectry f:@l b/w fecylmer
20 becour i fi ;miﬁdle off
-~ Lo calelate  bhe  iagde ¥ pfsie copedl, T
NEA - O
ll:(w Problen \ {n /! afs 9“7 ',
éOIU;nq 1 ~ pC 51Je only
B?X\ (T;A "b"+ ‘h‘\‘: 1% Seal Mfmtle_
/\1 /ﬂ_ *bx} L9hQcg 'P‘lﬂf Pt(l(w_)
a ) ;rd% m)tf’ (‘Cd m —
/oy\( X_uf
/ zg\\{ﬁa -
N

A-a \

F L? rM "@u&l\ \
! ) \

fs
- JPF‘:”dE\ﬂk nn "Lf
N

¢, 11K

F- XA
G asll, T {N_gif 5
W




P - inside T bad  goften
1 / ’%\ i ”— N u(:}f_ﬁ’ ?090
Y
\ E— H — 0‘ g OH,}J Core F(‘am
. aslr L

\ : £ No noed 1» ﬂo’(/
\ E = —Q dny f%:ng =
\\ V'Z'fl"rh "\” htfe,/_':—-'—-\
\\_ wlnl\v /; )
E 2 \x - _L A €| e
€o 27k 6 21k
r\ r

s Ty 1o Sam

or s d distance f(ﬂm 59"’9.11':'3'

4 O
N \ .
. = D \ ¢ 7
‘ . \'\ \
] b \%' \
-4 N \?
\
L%
N\
F-_ 0 —
£, 71 (s ) gzm‘&{—r) .

p T quess




']:;M 5\°‘lé- Yo sece h{ov’ WOV IRt
Go Vel onl wWeTRAY quesfors en ) SR

flois mreat, Beor  Could  you ot a bis oy
Sreond Itgyf Fasl amme-t? +5 1Qad

€ hend o GAl with Se wwih

b. (ale G,}E }OI'PA*‘Ml Df{f’fpﬂle I R want to
"l‘\‘bvf‘ﬁe Your  tavoliemmat wirh,
U= (P -V[D) rtey, 16 sy lp. ol
N \(f) -0 vere! 7
o
[ Natr 2 b
- o
/ ,th\ [ave *‘3 S e MSJQ
7 W Y V2 S T TR
\ K__/\/ PR s :ghor?:
N |
N\ |
\'/-= B (E . u(s \ o Siney 1 {“J ﬁ) boo (amﬂex
[ & < N ' ;
-6 Q ﬁ_-\ O, ol | $pg
S CMrcalh  Bomigc)h V_relo
dm‘«/all, Cours _nofes  has € xanple s i ths ong
L 7 b-a so QJ@Q Q](FQC}S ﬂQQ)\tCH{
m(falo§ Guase'mn, Sur {ace ¢ ¢ L or <l
Eﬂ = Q s qov called
7: / e
Elondd) « M. w7
6o NS Aog  Chag
& L

‘ = ‘_\)\_ 'V | gin ;_ phr Lf
2MEyr ”/%4 o33 leaght

% T v hmde gt s Ul in T midle - Simplesans



N BV- -V - -——/(’*" E -
o aa,_\ of“- 1
—A (P de "> we” wd

. ’2”1;0 )a £ AN 35“?1""*

Siaflt b f\ - - N .
:‘( -f\'% - - k _‘L cwhat & . Py
‘ AN 2ng, tt#)

...Sq_-,

oo flo @ 2D,

<

Ctminbor ~ Can duckor W/ 0 C.('*Wﬁ{ hos [ovs 'Pﬂh’"?:”{

a(?f; - 'h(%)

rc. Capatunce (:Ag _ (L /W)

l Ma[7 )777n by Tr%*

’(Glﬁd_'%r‘qr(i (’lopfm'\; ‘-'V"l‘}:l U4 L Ob (Jh \3

: e voltage & Flere
J Now Wlﬂx nun{bgr; Av Beloten M
h= |8, C-DMb (5] moe quies i
a= Y 75 m 1 (7.25/%75} ot o furchn
b= 7. 0%cm oF T divhe
e fiyed at o
by = €, 9. 1o~ m3 g™ s n2 md e, =3

[ = L% 10"




Pl Yo eledre  €ield

L ro gy Q.eng'{#!sf

£
HDW I'\(X,L\ Empr@ + ‘*\:‘Hh Ji{if\ L[?
(Wﬂ' qar

: 2\7’/"! 3/‘
In%q rd hf fo {m e fo T Opocdy
L}’orf‘l L9 ralndv{;ior (om poce L\.’)

Ve = % (@ V)¢

go wo  waal A= Q

€ fx\ cAy? hat hm%l F/

\N‘P Violiag

\lm\’\ m*‘BMRHMl»/ erdy / Vo t/m i

ir zm,;b«i ()

\ fﬂ(’bfa) 1

P I\

&'Kf&aih ghll

'\(( i \ 6. F e’ Vo,
L T - lvegal of cybdrlal Shels  Znhd
= ﬁ———-h-‘__\‘“
Q\k = m({f’f D VoS ‘f nS ()F f ( c@ f‘ [ {}
« —— rokes  da, 0 Slide 2%

)\
"—'"_‘“-————.~___——___ = o

—




a Al
W- L dg, =1 .
C,qu/-CV ( QZ

e

= e (-0 V= EL pua_pl
[A | (dp ((dfﬂfé)
U'_Qfl N AV I SR WA
YA L A L LU

=g * VOlum

F =

U = F fild denefjr/.,. E -ﬁ@ E?'

—T

Whert  does Y4 6, E° <= 5 cdPz

’(1“ g poce all -Jgr&;

,———\Uﬁ_\_,_‘; grew g C7j"d0f
W (“5 f F? ¢ L;u' L dc’
= J U ;{\ ;‘
Guass I P /
s V
(1 ) 2 % Ly
Lr/ ‘3 ( - 7: %t‘) w f‘! hﬂt/ E,?
BEEN a8 (| rdr | e &V
J A
— 7.3 0 o n\q\f’ : W“
e SR s e
UE_ Une, J 0WErLhX ™
B — O i
Lot RF T Yo vT Yoo { ddy T e
-~ 4*&?'\'1-1!!-
- b ) _% 5Pk —eamy—pov-iat_x ¥




Now  (ompore w/ %C@J/j) :

m,ﬁ V\O‘l‘ o ‘("t.v“ﬂd—.'-v- of

| ”' J(z ‘?/LV) )?/I' bor fWvr s

~ \_"'_"_——_"‘—"—-“—:L
\_ ‘; k’ mén / nv':b" eflfov ?ro‘mqﬂt‘or.
\v-\ L

S

Apvoe ks J.

“thorks to [kt Of) 7 Cqepd Yo sce

Joire aetr\e \«.\f
f v >,

M~ \fou'w: Con fuerd.

\luu con also  enel




o

Drodicd ton | lPo‘rm"Mf diff vo Tl

B Choge  creafes

- l"“H]' potrafial

L—:ﬂf —} e
I B s

r1 | Vs
ot = C

A < n sbr 4 f) Chocgd

b = (b Cnﬂrr{f Pmduﬂf 84 pd |

] I
C = 7 Umpvl (L{;(qP IDOH’T?‘“( iz

v

0,0 o hange of e palre pd,” if ot

fonnpc)('?,vl Yo m(ound

£ 5T vty onpdl to grond €

gctua
]
-
J§EL>—-)(S—\|\
. § ¢

‘b“ H@d(ﬂr‘) Ffow ((oﬂl od“ ‘“5Jz¢” 10/;"9

*}o ewvin - -1

901.;' lof{ W/lﬁ Chocgy

Thus fdh’r Don ']'M] fdr




AL

! \
|
T,
l N
L"b ————
= uwserd @) ball
J): qﬂ.md /
C = (pmast lewnd /
J = compse m ball
A Thg e{fect  on w}\ﬂlf Pd” ‘ l
b=Qhacges  Cscqpy o gmmﬂ heaving O poteatu
c = by (Change  ga wha‘( Ml‘
d= fe © Chorge cegrrango po  thorde oa wholg
Pa |
' 1
7 ( a
| i gde o d
et
ﬁou)ﬂ’f f?a” Canrected {7} fjmwﬂf C{(wa‘,&ﬁ‘[




(%- Fledet ghe} o)m/c,

Vi

}i(h_orv\, 0\,1\.@(& s 270" S (hocge « al ‘L"ﬂﬂl
ult.d’a»m [

e botten of  pi (JO)

fon 11 s €Ll Ly o} Crcle pgupolralie] )iy

[ow, & s Skf-w'm:} kely {ieNs becavse ™ ol T

conflels al tdge

% bettor wo.d

™l

know e [30° anl dacge clise b oo |

] v W’ 9 dgﬂ [6/)
Woose 0L P@':_po tealtal  gince  lies  Conpect @l of
h( or0dndb lut*:

‘ 0n h‘c for ctdt
t s choeing ooy P jpdued  Clell becuwse

hve ae np |

125 ﬂO‘rﬁﬁ f’o fy C‘\arg(’ lflfnr o bfhtf/’}
" Aotal 1 duced
L et
- [
[ o7 ({((o
\ X ,A

A e

O’ and b fo ke at e ?‘Lﬂ{’

equpbtdinl G sam region as b

v, . 1 t
f‘Di‘d«L C(\&ngf 502 cl«ng’- 15 J(U/(Mdmji Cl'lUf,;j(




¢ . p arduel D(#E (@Mc:tﬁ'/\ Mou:‘fg
— ——+@
Coyectd tlfa(ﬂ'!mcl‘(i
Av half  diolane
s — = Q
— i PRG Qu fen day § =B
V ’p a S}aw h{ 53}
(= I_QT _ b A D at H@Hf {QO}PA’H
4V jv
r L]
V= F €am bt Q cam
r 0 ec% |
Inerbgses Qo Same blc chorgt  bss
}\0 W‘\Qﬂl *o Gm
1{ Conrectgd. ) de D
;‘03 SG"nlmlﬂé’f to ao
P Lo Vo}iage_ 5)‘6151:,
V/
d\l { O 17874) Auause Ckarﬂe Lm ng Wlfv/f lLo 3"
bl Fleckw W e game ble Qb v same il
.g\\il{‘\ﬂf‘\ : P\
N gy ol 2 E Foll = oplea 7= 2 - <
(=t A ctan ') 9 dobl®s
f' a: oy (sz
(I )f Vales
) fotealig[ V= E “w Vol - 7 duhly -5
é:



E) How muclf\ wor b DN_ i/ (Jo ’:
dWw=dgAy=dg =& _ 1 44
v ( C b
o T!V\ e lr’\""\( C"“F"i"t‘
W= (Jw = L (B, L et yoo did
s C = -
- - ’
B S W W T h-tcer- lau
il ’-—— (. Z \ fern W= AU c "l‘t_t:v::__-__.:_-_
% -~ ludves —» W= - =|-ta.u
6o | . 1% _ /L yaids 12 Toules
9 7 M)
r ’l' \ 7 _( x \g-) -1
Ll, et L S EPd TR T ts
L Humm (apacite” Not  rich+ i+ depends  on
—acr_ bolimate gy

A 5 exd N
/‘}Mlsor dd o cligs

yov ace o () splce
N 3 éph]r@
el
ek e ‘ b ™
_Fmd'lgo -~ C = L]Il’\ bo = Ymg, 0
W m '}7,‘
e L _ 90" N
o1 (g, - a \
- A= ln} ?\tcg r,(rmm 3 !b IZF
| AR T Tl N TS |
lO‘O v = W P f_

«cywnl 7064”5‘@“ Lefaf‘@ "O‘-'Ciﬂmt! ?C



MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Department of Physics

8.02 Spring 2010
Problem Set 4 Solution

Problem 1: Experiment: Expt. 2: Faraday Ice Pail

Capacitance of our Experimental Set-Up

Part 1 Consider two nested cylindrical conductors of height 4 and radii a & b
respectively. A charge +Q is evenly distributed on the outer surface of the pail (the inner
cylinder), -Q on the inner surface of the shield (the outer cylinder).

(a) Calculate the electric field between the two cylinders (a <r < b).

For this we use Gauss’s Law, with a Gaussian cylinder of radius », height /

[ijdAZZﬁI'IEZM:LQl = E(r)ucr-:h ZL

& & h 2nregh
(b) Calculate the potential difference between the two cylinders:

The potential difference between the outer shell and the inner cylinder is

AVzV(a)—V(b):—] 0 dr'=——QLInr’l": 0 In(?h]

;27r'eh 2neh Y 2meh \a

(c¢) Calculate the capacitance of this system, C' = Q/AV

c_l0l_ 1ol 2mp
EEEHED
2ne,h \ a a
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(d) Numerically evaluate the capacitance for your experimental setup, given:
h =15cm,a=4.75cmand b =7.25cm

C= 27e,h - 1 15 cm =20 pF

b 2.9%10° m F! 7.25 cm
In| — In -
a 4.75 cm

e) Find the electric field energy density at any point between the conducting
cylinders. How much energy resides in a cylindrical shell between the conductors of

radius » (with a<r<b). height h, thickness dr, and volume 2zrhdr ? Integrate your
expression to find the total energy stored in the capacitor and compare your result with
that obtained using U, = (1/2)C(AV).

The total energy stored in the capacitor is

1 g (0]
Up =—E K =—&,
2 2 "\ 2rreh

2

Then

2

dre, r

|
dU =u,dV = 56‘0 [

2rresh

Integrating we find that

U=fduzfﬂ~)z—d’ % In(h/a).

dme, r 4ne,

From part d) C =2z¢g, h/In(b/a), therefore

2
U=[dvu= j:hQ g ”Q ](b/a)—Q =L AP
dng, r 2C 2

which agrees with that obtained above.
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Part 2 Experimental Predictions

A. Prediction: Charging by Contact
Sketch your prediction for the graph of potential difference vs. time for part 2 of this
experiment. Indicate the following events on the time axis:

() Insert positive charge producer into pail

(b) Rub charge producer against inner surface of pail

(c) Remove charge producer

Solution:

Rub Vo
Remove

Insert
(@) (b) (c)

Time

0.0

Potential Difference
Between Cylinders

I picture the potential dropping a little as you remove the charge producer because it is
likely that you still have some charge on the producer when you remove it (the transfer
wasn’t perfect).

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

(a) Insert positive charge producer into pail

(b) Ground pail to shield

(c) Remove ground contact between pail and shield

(d) Remove charge producer

Solution:

Ground

Remove
— Unground L

0.0

Potential Difference
Between Cylinders

PS04-3



Problem 2: Electrostatic Shielding

Part of the lab this week involves shielding. We have a visualization to help you better
understand this. Open it up:

http://web.mit.edu/viz/EM/visualizations/electrostatics/ChargingBvyInduction/shielding/sh

ielding.htm

and play with it for a while. You can move the charge around the outside of the shield
(or even inside) using the parameters “radius pc” and “angle pc.” You can change which
field you are looking at — the total field, just the field of the external charge (“Free
charge™) or just the field of the induced charge (on the shield). You can visualize it with
grass seeds or display equipotential streaks by clicking “Electric Potential.”

Below are three captured images. I’ve blanked out the center so that you can’t see what
is going on inside the conductor. For each describe where the charge is (ROUGH angle
and distance), tell whether I am looking at field lines (grass seeds) or equipotential
streaks (“Electric Potential™) and indicate whether I am doing so for the total field, or just
the external or induced field. Also briefly explain HOW you know this (not just “I looked
around until I was able to repeat the pattern™).

(a) These are electric fields lines (grass seeds) of the entire field. We can tell because
they come in perpendicular to the equipotential surface of the conductor, which is
only true for the total field (not the individual parts). The charge is clearly below the
conductor (6 = 270°) and just off the screen (R = 11.5).

(b) Here the lines are neither perpendicular nor parallel to the conductor, so it can’t be for
the entire field. They loop around, looking like a dipole, so they are associated with
the induced charges, not the external charge. Are they field lines or equipotentials
though? Without seeing the center this is non-trivial. If the charge were below, the
field lines would look very much like this. But since the left and right “lobes™ are not
symmetric, it must be equipotentials created by a charge on the left (R = 6, 6 = 180°).

(c) This one is easier. The lines wrap around the conductor, so they are clearly
equipotential lines associated with the entire field. The charge is on the right (R=11,
0=0°)

PS04-4



Problem 4: Parallel Plate Capacitor

A parallel-plate capacitor is charged to a potential V. charge Oy and then disconnected
from the battery. The separation of the plates is then halved. 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 electric field?
No Change. The charge is constant so, in the planar geometry, so is the field.

(c) the energy stored in the electric field?
Halves. The volume in which we have field halves, so the energy does too.

(d) the potential?
Halves. V'=Ed, so if d halves, so does V/

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

U=Licri=41ior

The energy halves, so the change is half the initial energy: |W =AU =-10}V,

Notice the sign — you did negative work bringing the plates together because that is the
way they naturally want to move; the field did positive work.

Problem 5: Human Capacitor

What, approximately, is the capacitance of a typical MIT student? Check out the exhibit
in Strobe Alley (4™ 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 cylinder of
dimensions such that when filled with water it would be your mass. Personally I feel
more like a sphere, of which we have already calculated the capacitance in class. All 1
need to know is my radius, a. As a first approximation, probably it's a meter (I'm
certainly less than 10 m and more than 10 cm). So my capacitance should be about:

C =~4me,a~1m/9x10° F' m ~100 pF
Not a bad approximation — according to the measurement I'm really ~170 pF.
Note that for simplicity I used the value for kg rather than 9. Always look for ways to
recombine constants into things that you know.

PS04-5
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Department of Physics
8.02

Experiment 2 Solutions: Faraday Ice Pail

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
turn until it clicks into place. Set the Charge Sensor gain to 1X.

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 of the 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?

l The white producer is positive, the blue producer negative




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:

Rub =
Remove

0.0

@) (b) (c)

Time

Potential Difference
Between Cylinders

Charge on inner & outer surfaces of the inner cylinder (indicate sign, and use a variable
like q for non-zero magnitudes)

After Step 1: Qinner =0 Qouter =0
After Step 2: Qinner = -q Qouter = q
After Step 3: Qinner =-0.1 q Qouter = q
After Step 4: Qinner =0 Qouer =099

Part 2B: Using the Blue Charge Producer
1. 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?

You transfer negative charge to the pail, which neutralizes some of the positive charge
that had been attracted there by the negative charge.

E02-2



Part 3: Charging By Induction

Part 3A: Using the White Charge Producer

i

Ground & zero; Start recording; Rub the producers

2. Lower the white 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
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:

Ground

Remove

insert Unground L

@) (b) (c) @)

Time

0.0

Potential Difference
Between Cylinders

Charge on inner & outer surfaces of the inner cylinder (indicate sign, and use a variable
like q for non-zero magnitudes)

After Step 1: Qimer =0 Qouter =0
After Step 2: Qinner =9 Qouter =9
After Step 3: Qinner =-q Qouter =0
After Step 4: Qinner = -q Qouter =0
After Step 3: Qiniier =0 Qouter = -q

3B: Using the Blue Charge Producer

1

(8]

wh

Ground & zero; Start recording: Rub the producers

Lower the white charge producer into the pail, without touching it
Ground the pail by connecting it to the shield with your finger
Remove the ground connection (your finger)

Remove the charge producer

E02-3



Question 5:
What happens to the charge on the pail when you do the above steps?

You end up inducing a positive charge on the inner pail (it is pulled over through your
finger from the shield when the negative blue producer is in the pail).

Part 4: Testing the shield

1. 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 about the blue charge producer?

Because the pail is shielded by the shield, almost no charge will appear on the pail.
There will be an induced charge separation on the shield (with negative charges running
towards the white charge producer), but because this is all on the outside of the shield we
are not at all sensitive to it in our measurement. The same is true of the blue charge
producer.

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

e 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?

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

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

e 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?

e 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?

E02-4
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Summary of Class 11 8.02

Topics:  Electrostatic Shielding
Related Reading: Course Notes: Sections 4.3-4.4; 5.5, 5.9, 5.10.2
Experiments: (2) Faraday Ice Pail

Topic Intreduction

Today we return to our discussion of conductors & capacitors, now focusing on the idea of
el ielding 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

Smef that all charge moves to the surface of a conductor so that the electric
L field remains zero inside. Because of this, a hollow conductor very
iy -7 effectively separates its inside from its outside. For example, when
—— charge is placed inside of a hollow conductor an equal and opposite

\ A " charge moves to the inside of the conductor to shield it. This leaves an

e P 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 eleclromagnetlc noise ever-present in the environment
(outside the cage) in order to make sensitive measurements inside the cage.

} ¥
4 1§
I s

LR :: — ,c"_}lr' " , Aa / [ !:ll ST/ :"__.' 'f A

Experiment 2: Faraday Ice Pail

Preparation: Read pre-lab reading

In this lab we will study electrostatic shiclding, learning how charges move on conductors
when other charges are brought near them. The idea of the experiment is quite simple. We
will have two concentric cylindrical cages, and can measure the potential difference between
them. We can bring charges (positive or negative) into any of the three regions created by
these two cylmdncal 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 to your moving

around charges. The point of the lab is to get a good understanding of what the responses are

to you moving around charges, and how the potential difference changes due to these
Tesponses.

Summary for Class 11 p. 172



Summary of Class 11 8.02

Diclectrics

A dielectric 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 capacitor, the electric field in
that capacitor 1s reduced, as is hence the potential difference between the plates, thus

increasing the capacitor’s capacitance (remember, C = Q/|AV|). The effectiveness of a

dielectric is summarized in its “dielectric constant” x. 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 frequently 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 10 the other).

.@191@_-\/.@3 y B Q -\

" cgpacitan sae - \[ P chod .51;156@-’,/
(f 'r/‘\ {/‘l ‘\4“. {\"‘
v
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Department of Physics
8.02

Experiment 2: Faraday Ice Pail
OBJECTIVES

1. 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 move. ms rapidly,
and ends when there is no longer an elechﬁﬁg@ 1n51de the conductor (Ems,de conductor™ =0).
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 scparatmg positive from negative charges on a conductor by the presence of a charged
object is called electrostatic induction. {4 1), ! - J

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 the positively charged metal ball-from.- inside the pail, the
pail will be left with a net n negatlve 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. Q L/ () —
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.

’“/1f

7 '
I [ /‘{((71 Mo€ {?',‘1 fe 5
! 0 é[__f i 7 (N

''We will typically say that “positive charge flows outward” even though in metals it’s really electmus
moving inward. This is a completely equivalent way of thinking about it for our purposes.

ani’z nwj f’l-'
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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 Law” states that the electric flux
through any closed surface is proportional to the charge enclosed inside that surface,

ff &-dA =T @2.1)
it "

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 the ice pail is zero. Since the Gaussian surface is in a conducting region where
there is zero electric field, the electric flux 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 inside the Gaussian 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 outs1de the pall is also not zero,

due to the positive charge on 1ts outer surface —

2 For more details on Gauss’s Law, see Chapter 4 of the Course Notes, Section 4.3 for info on conductors.

E07-2



Now suppose the ice pail is connected to a large conducting object (“ground”):

Gaussian swrface

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 get even
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 pail is zero and the pail is at
the same “zero” potential as the ground (and infinity). If the wire to ground is then
disconnected, the pail will be left with an overall negative charge. Once the positively
charged ball is removed, this negative charge will redistribute itself over the outer surface
of the pail. 4 < TOce [/ o
o i / ) Erip & ¢

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, cut-off from any knowledge of what is going on outside by the
enforced zero electric field inside the conductor. This effect is called shielding or
“screening” and explains popular science demonstrations in which a person sits safely
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 RL R

1. Ice 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.

L

- Charged pad -

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 (red) and-negative (black) leads. Furthermore, it connects
the black lead to ground, meaning that as much charge can-flow into or out of that lead as

is necessary to keep it at “zero 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 1. 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 presence 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 which 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
turn until it clicks into place. Set the Charge Sensor gain to 1X.

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
Start recording data. (Press the green “Go” button above the graph).
Rub the blue and white surfaces of the charge producers together several times.

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

o W o

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.

white  €v27 7 &y
X

blue  Smoeth =C E07-7



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: Sl o
et I
AV I .‘/ 1 4.-7\‘_111"‘ J/T vl ¥
bl | L 4d
| | |
| T 'l - :
llr‘ {(/ﬂ" / (-l/ b t-/:‘]" £y fj (% J tlme

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: Qinner = O Qouter = O
After Step 2: Qinner = — q, Qouter = |/

After Step 3: Qinper = f!fi]J Qouter =
After Step 4: Qinner = _ ‘;: Qouer =),

f
v

Part 2B: Using the Blue Charge Producer
1. 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?

I $E07-8
S p——
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Part 3: Charging By Induction
Part 3A: Using the White Charge Producer

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

2. Lower the white 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

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: ————
av |
[ — e
T T -
(7 { ol :: )[pﬂ( time
{.-r! (5 fne

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: Qinner = O Qouter = (J
After Step 2 Qinner = q/ outer = { fb
After Step 3: Qinner = \Cf QOUlCT = // / 3 ;
’ ; (%
After Step 4: Qinner = ‘C& Qouter = () -
After Step 5: Qinner = ,CL Qouter =~/
' 4

3B: Using the Blue Charge Producer

Ground & zero; Start recording; Rub the producers

Lower the blue charge producer into the pail, without touching it
Ground the pail by connecting it to the shield with your finger

Remove the ground connection (your finger)

o W B o=

Remove the charge producer

E07-9



Question 5:
What happens to the charge on the pail when you do the above steps?

— P;-ﬁq—ﬁ:—ﬁ_‘-""_——;::_:::».—-— ]
|

1. 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 about the blue charge producer?

ff'lr'; 0

; :
¥ I 1 ! . f | J
i | g

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

e 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?

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

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

e 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?

e 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: QOutline

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

Hour 2:
-_:Qa_pacitors & Dielectrics
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Conductors €

Conductors in Equilibrium

Conductors are equipotential objects:

1) E = 0 inside (Does V=07)
2) E perpendicular to surface 4 Who“— (ag(? 0.* ?; VO! /vs
3) Net charge inside is 0 E ke c [vldf' l
4) Excess charge on surface ” des move OL[ Wlui Qs (M(’
E=% (= a5 fece g vollagg
0 ' i |
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Conductors as Shields

PRS Question:

~ PRS: Point Charge in Conductor

A point charge +Q is placed
‘inside a neutral, hollow,
spherical conductor. As the
charge is moved around
inside, the electric field

Class 011




Hollow Conductors

Charge placed INSIDE induces

balancing charge ON INSIDE

Hollow Conductors T Be. Fraolbia oygoriment
1

Charge placed OUTSIDE induces

charge separation ON OUTSIDE

Van dor

O raf€
Compos wock e of

56reenfn4 '-_bvt\y Comp/'}'E“
7 7 T

ﬁf& " rl f‘db[

PRS Questions:
Point Charge

_ Inside Conductor
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PRS Setup

What happens if we
put Q in the center of
these nested

. (concentric) spherical
conductors?

LEhMe

@ PRS: Hollow Conductors

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

' Q(in Q(i2) =-Q; Q(O1)=Q(02)=+Q
Q1) =Q(i2) = +Q; Q(O1) = Q(oz)--c:_

hot £

PRS: Hollow Conductors

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

yft’spu{ Omi"

IHighert an at
Lowerthan at ¥1 o ,
_ The same"j_f'__;r
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PRS: Hollow Conductors

A point charge +Q is placed {
at the center of the

conductors. The potenttal at
02 is:

< , i ;
L o . {[ ¢ l’({ N .1 tj uu/
( ]
Ty ] .
{ HJ\ [ (} !)fzi p oM L {7 }\( (/
. \'
1 / ) i | /
i e : ! iy bope
. ») e A1 N / /‘{”. )-f)_.’; /_?j,:f- / /
5 (f S ( ho ( [he f L/ (;w'v"'”f 7 /?’/r/
PRS: Hollow Conductors E | , / 9
A pomt charge +Qis placed " L
atthe center of the
_conductors. If a wrre is used \ \
‘to connect the two - T ™
conductors, then current )\\
(positive charge) will flow = i i
! 3 ul[f {‘ NN ’r, ,”"("Ly
7
’{\rt ‘(“:' ¥ (i i
Ul L N
- PRS: Hollow Conductors
- You connect the “charge -
sensor’s” red lead to the inner ) \(_h‘ -
~_conductor and black lead to . ::' = (5> € Xplbrmeal
~ the outer conductor. What 1
- does it actually measure? :'; ¢
. Charge on 1 '
%
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Department of Physics: 8.02

In Class W07D2-1 Solutions: Potential from Concentric Spheres

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.

Solution:

We know that the conductors act as equipotential surfaces. In order for that to be the case,
negative charges must be induced on the inner surfaces of both conductors (» = @ and r = ¢) and
by charge conservation positive charges must be induced at their outer surfaces (r = b and r = d).
Everywhere else the electric field will be as from a point charge (]/rz) and hence the potential
will decay as 1/r. So, since all we need to do is sketch (rather than give exact equations, which
you would need to calculate by integrating from a known potential — at » = ), we have:

v

v

where the ‘terraces” (the flat regions) are the equipotential surfaces of the two conductors, and
everything else is changing as 1/r.

In Class Problem Solution Class 19 (W07D2) p.1of1



- Demonstration:

Conductive Shielding

. Visualization and Lab Prep:

Inductive Charging Caln P bouch oo
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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 r measure"
1. Chargeonlt

. Charge on O1

. Charge on 12

: Charge on 02

Appendix:
Diglect_rics

Dissectlble Capacltor
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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?22

L m

Molecular View of Dielectrics

Polar Dielectrics :

. omim

Molecular View of Dielectrics

Non-Polar Dielectrics

Dielectrics with induced electric dipole moments
Example: CH,

S = =

bR |

-+ =+ =+ =4

Eg=0
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Dielectric in Capacitor

|

R T i e T S S S T T R o 4

- - - - - = ‘ ~Sind

|+ + + + + + +| Opg 10

lectric Field!

PR

dielectric polarization decreases E

Dielectric Constant K
Dielectric u_reakens original field by a factor x

. - X
\Di_e_ie_ctric Constant™

Dielectric in a Capacitor

Q,= constant after battery is disconnected
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Dielectric in a Capacitor

Vp = constant when battery remains connected

pr— by Vu msmv _'I' Vf:

~ PRS Questions:
Dielectric in a Capacitor

PRS Dle!ectrlc

A parallal pEate capacitor is charged to a totai charge Q
and the battery removed. A slab of material with
dielectric constant x in inserted between the plates

:The charge stored in {he capamtor e
= | r it .

Class 011
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PRS Answer: Dielectric

Answer: 3. Charge stays the same

e

Since the capamtor IS_ dlsconnected -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 x in inserted between the plates
The energy stored in the capacitor

3++++++++

1. Increases
2. Decrease:

PRS: Dielectric

A parallel plate capacitor is charged to a total charge Q
and the battery removed. A slab of material with
dielectric constant x in inserted between the plates.
The force on tha dlelectnc

+ waiaiia
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Group: Partially Filled Capacitor

Gauss’s Law with Dielectrics

- i
[ﬁ KE-dA __ “‘2‘”
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Summary of Class 12 8.02

~ Topies:  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 Kirchhoff’s Circuit Rules.
e et ey, . —

(O/JJP"J"J; (( ('J '(,O I Onérd
Current and Current Density ¥ /
Electric currents are flows of electric charge. Suppose a collection o?charges 1s moving

perpendicular to a surface of area 4, as shown in the figure .
0// C een Fh o pf U?

s 1

Adi-ay =)

3 ol Only (€ choge  dengit,
4 cm— i S A - :
,} 85— (onsut ~eces} |
S Cp— cqp: (di "0~ )
(Pt The electric ctrrent ] is defined to be the rate at which charges flow across the area 4. If an

amount of charge AQ passes through a surface in a time interval Az, then the current / is

A l:j m ‘; A -
- P ‘: o given by / =A—? (coulombs per second, or amps). The current density J (amps per square
- pert Lcha -
. meter) is a concept closely related to current. The fagnitude of the current densny J at any

hasas 4 WL
'(""1“:;" 1#0G" point in space is the amount of charge per unit time per unit area ﬂowmg pass that point.

AQ

3"‘ CREL That is, =——% _ The current / is a scalar, but J is a vector, the direction of which is the
a Us 0 , ! g AfA ,,‘:.': A\ ‘,'I‘s,-!- 1 Pe ¢

direction of the current flow.

Microscopic Picture of Current Density
If charge carriers in a conductor have number density », charge g, and a drift velocity v,

then the current density J is the product of n, ¢, and V,. In Ohmic conductors, the drift

velocity ¥, of the charge carriers is proportional to the electric field E in the conductor.

This proportionality arises from a balance between the acceleration due the electric field and
the deceleration due to collisions between the charge carriers and the “lattice ” In steady
1 !
LJ[r,Ji{ 0l h: s e .
. velocity) proportional to E. ThIS proportlonallty leads directly to the mlcroscoplc” Ohm’s

(‘9‘*/ 0or - Law, which states that the current density J is equal to the electric field E times the

CJro por conductivity o . The conductivity o of a material is equal to the inverse of its resistivity p. how min Y
im v X 9 J

vnit aee

C-f- j — FL (S'A I/) 7
) .. Current and Voltage (

#5105 L {10 ectric currents (symbol /) are flows of electric charge (symbol Q, typically electrons, but
because of sign conventions we will almost always consider positive charges). You can think

Vﬂ({'()(
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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

- 5 " .. -x‘ .
mountain’ is the voltage (symbol V), so positive charges move to get down the mountain,
from high to low potential. " Wewill 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 o
A source of electric energy is referred to as an electromotive force, or emf (symbol ).
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 & is defined as the work
done to move a unit charge in the direction of higher potentlal The SI unit for & is the volt
(V), i.e. Joules/coulomb. f batlories = chasae Doty Gy £ )

X P L Chasgt oL - i
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 “hirgfll_mi__istam:e is a small pipe (one it is
difficult to get through). A “low resistance™ is a large pipe that is easy sy to get
through. We will pretend that wires s have zero  Tesistance, that is, that charges can
freely move through them. Just like pressure drops in a pipe,
voltage drops in a resistor, as given by Ohm’s law: A V Ik
Another way to think of this is that if you want current to nt to flow
through a resistor you need to push on it (supply a potential
difference across the resistor). _;é

Series Parallel
Series vs. 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. omo Y
Kirchhoff’s 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 of the currents into the node must equal the sum of the currents out of the node

l NS Ok/" (‘ | :'[;f asc

g
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Relation between J and I: = _Uj dA
Microscopic Ohm’s Law: J=cE=E/p
Macroscopic Ohm’s Law: ¥V=IR
Resistance of a conductor with resistivity p,
cross-sectional area 4, and length /: R=pl/l A
Resistors in series: R.,=R+R
Resistors in parallel: 2 i+ i
‘ch Rl RZ
Power: P=AV1I
) (
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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 AV 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
AV is + &, because you are moving against the internal electric field of the battery; otherwise
AV is -g. If you travel through a resistor in the direction of the assumed flow of current, the
voltage drop is —/R, because you are moving parallel to the electric field in the resistor;

otherwise AV is +IR.

Important Equations

Summary for Class 12
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Class 12: Outline
Hour 1:
Current, Current Density, and
Ohm’s Law
Hour 2:
- DC Circuits and Kirchhoff's Loop
j_'_RUIGS

Flow of Charge

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

Current: Flow Of Charge
Average current 7,,: Charge AQ = AQ
flowing across area A in time At av _A /
Instantaneous current: (il 0
differential limit of 7, R

et T
‘ dt e
‘Units of Current: Coulombiseccn‘:d = Ampere
]
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How Big is an Ampere?

» Household Electronics ~1 A

+ Battery Powered @ ~100 mA (1-10
_+ Household Service  100A
. 100 100KkA

~ do@ma Dcac
~ 60(15)mA DC(AC)
(0.1)A ) DC(AC)

A-Hr)

ghtning Bolt

~ Direction of The Current

Direction of current is direction of flow of pos. cha’rge
tabintinil e et e el i S
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PRS Question:
~ Current Density

~ PRS: Current Density

A current 1= 200 mA flows in the above w1re What is
the magn:tude of the current density J?

s{l —123
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Microscopic Picture

Vg
e

E

- :_ant speed is velocity forced by applled electric field
the presence of collisions.

Conductl\nty and Resistivity

Yy Ability of current to

flow depends on
density of charges &
rate of scattering

Two quantitles summanze th:s :
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Mlcroscoplc Ohm’s Law
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When a current flows in a wire of length L and cross
sectional area A, the resistance of the wire is
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Why Does Current Flow?

Instead of thinking of Electric Field, think of potential
difference across the conductor

[ :

'Vb \ \\_”_ o

Ohm’s Law

What is relationship between AV and current?
AV =V,~V,=~[E-ds=E¢

Ohm’s Law
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How Big is an Ohm?

* Short Copper Wire milliohms (mQ)
« Notebook paper (thru) ~1 GQ

* Typical resistors  Qto 100 MQ
» You (when dry) - : 100 kQ
* You (whenwet)  1kQ

» Internally (hand to foot) 500

Stick your wet fingers in an electrical socket:

i il P~

L5
>

I=V/RE120 kﬂ{]OlA " 'You're-déai:_l'lq;
Current: Flow Of Charge
Average current /,,: Charge AQ _AQ
flowing across area A in time At av At
Instantaneous current: j \ it €8
differential limitof £, & woion | "

_ Batteries &
mentary Circuits
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DC Circuits

Examples of Circuits

Resisior

i .‘..{'}. )Pa]‘ PO—.

Symbols for Circuit Elements

Battery Jd'

Resistor —AM—

| Capacitor | —{1—

switoh_|

=8 5 0

|
1
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Ideal Battery

Fixes potential difference between its terminals
Sources as much charge as necessary to do so

Thmk Makes a mountain :

Sign Conventions - Battery

Moving from the ngg;ﬁ_\ie to positive terminal of a
battery increases your potential
m""“—"—-—w

£ AV =V,—V,

S
e

.
2

+

m
o @
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. -Sign' Conventions - Resistor

[av=r,-7,
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- Moving across a resistor in the direction of current ‘Hf-) ("l | rPclien
_ decreases your potential '
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Internal Resistance

Real batteries have an internal resistance, r, which is

small but non-zero 5 :
- L ¥
k
d c
—MW
=V, =E-1Ir

Terminal voltage: AV =

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

Closed Path

Sum of potential differences across all elements

around any closed circuit loop must be zero.
= iy,

Potential Difference Around a

AV=- dE-ds=0
Closed
Path ;
e Et M;\‘ .v:»
1 -II+ 1]’ ' b - :'l - Y '
i Wr : et et .
vanwedny : '\\,__' :Jr
1 ¥ S
R | N\
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PRS: Potential in Circuits

Where is the potential the highest in the below circuit?
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Series vs. Parallel

7 LA
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Resistors In Series _
The same current / must flow ihro_(:gh both resistors

Ry " Rey
“ x [ T, = AAA £
vy Yy ¥y

Resistors In Parallel

Voltage drop across the resistors must be the same

F
AAA
Y
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Batteries in Series
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[o] 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

R, :ftt:‘.:
i & (=)

light bulb is connected, the current
from the battery compared to when
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m PRS: Bulbs & Batteries
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An ideal battery is hooked to alight .=

bulb with wires. A second identical )

: .
light bulb is connected in series with (~ = “’)
the first light bulb. After the second s

light bulb is connected, the current i
from the battery compared to when e

only one bulb was connected.
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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 /) 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 (symbol ¢).
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 ¢ is defined as the work
done to move a unit charge in the direction of higher potential. The SI unit for ¢ 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,
voltage drops in a resistor, as given by Ohm’s law: AV =IR.
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 Parallel
Series vs. 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

Summary for Class 13 p. 1/2



Summary of Class 13 8.02

A

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.

Kirchhoff’s 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 of the 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 AV 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
AV is +¢, because you are moving against the internal electric field of the battery; otherwise
AV is -¢. If you travel through a resistor in the direction of the assumed flow of current, the

voltage drop is —IR, because you are moving parallel to the electric field in the resistor;
otherwise AV is +IR.

Important Equations
Macroscopic Ohm’s Law: ¥=IR
Resistance of a conductor with resistivity p,

cross-sectional area 4, and length /: R=pl/ A4
Resistors in series: R,=R +R,

Resistors in parallel: 1 _1

o bt
ch Rl ‘R2

Power: P=AV]I
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Michael Plasmeier

From: Eric Hudson [8.02.help@gmail.com]
™ Sent: Saturday, March 06, 2010 10:28 PM

fo: Michael Plasmeier

Subject: RE: MP Question M

Hi Michael,

Work is change in potential energy, which as you'll recall is g*delta V
(for shortness I'll write gV). You know V. You need to know g. 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=qg/t to g=It.

Hope that helps.

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 Introduction to EMF and Circuits. | looked

A_{ around the web and only got more confused. Thanks -Michael

W ; ; ,
How much work ~ does the battery connected to the 21.0-ohm resistor perform in one minute?
Express your answer in joules. Use three significant figures.

W =360 J

N\
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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.

Kirchhoff’s 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 of the 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 AV 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

AV is +¢&, because you are moving against the internal electric field of the battery; otherwise
AV is -&. If you travel through a resistor in the direction of the assumed flow of current, the
voltage drop is —IR, because you are moving parallel to the electric field in the resistor;

otherwise AV is +IR.

Steps for Solving Multi-loop DC Circuits

1) 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

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 (whiclpgq,gﬁ\gfiys the
case unless otherwise stated). In parallel, the capacitors have 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. 1/2



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

inversely (Ce'q1 =C'+C;").

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.

T T I
l\h\ ot | V_" IL : :(l
Important Equations o
Macroscopic Ohm’s Law: V=IR
Resistors in series: R =R +R,
Resistors in parallel: At + A
ch ‘Rl R2
Power: P=AV1
Capacitors in Series: . = 2 + 4
Ceq C] C?_
Capacitors in Parallel: C,=C+C,
g *
N i .i’f l \ AP
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 Class 14: Outline

Hour 1:
DC C:rcwts and Klrchhoff's Loop

Circ:ua""wﬁh Res' tors

Kirchhoff’s Loop Rules

(omplex  Clrca F

- Kirchhoff's Rules

1. Sum of currents entering any junction in a circuit
must equal sum of currents leaving that junction.
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Kirchhoff’s Rules

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

CEl 4

Steps of Solving Circuit Problem

1. Straighten out circuit (make squares)
2 S[mpilfy resistors in series/parallel
' ssign current ioops (arbltrary)
Wnte loop equatlo'

[
J n J \ | |
Example. Simple/Circuit
A ot | - jfou can simplify
T . < = )  Jresistors in series
12 M 9

[ (butdon'tneedto)
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Example: Simple Circuit

. Start at a in both loops g ) s ) — 5.
L il o P ¢ Wpgy L /,»J_v,&'a —No A 'H/k e /(
I # Walk in direction of current - —
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Electrical Power

Power is change in energy per unit time

So power to move current through circuit elements:

e
'B--"?—idtU—d;;(__qéV) dr AV |

Power - Battery

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

Power - Resistor

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

Class 14




Energy Balance

vered by battery) = {powsr'dsssmatad through resnstor)
. . (pow ahsorbed b;r the capacitm'}

g ﬁ%dd‘!

- PRS Ques'iibns:
- Two More L_ight_ Bulbs

PRS: Power

An ideal battery is hooked to a light
bulb with wires. A second identical
light bulb is connected in parallel to
the first light bulb. After the second
light bulb is connected, the power
output from the battery (compared to
when only one bulb was connected)

Is four times higher
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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 /““3‘4*"‘““*‘—‘3-‘*‘\
the first light bulb. After the second - ‘
light bulb is connected, the light

(power) from the first bulb (compared

to when only one bulb was connected)

& ®;

_element you want to measure the potential difference

across
1t A

O
)\’W Reﬁ‘acsivg' R %umtu
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Measuring Current

An ammeter must be hooked in series with the
element you want to measure the current through

AN go&) Pheovgh Qw/ﬂ;\’/q

Reffeclive o R it R meter

—

+ 7

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

i

Measuring Resistance

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

Q

My

R, R,

Here we are measuring R,

Ohmmeters apply a voltage and measure the

current that flows. They typically won't work if the
resistor is powered (connected to a battery)

P10

PRS Question:

Ammeters and Resistors

T
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PRS: Measuring Current

If R1 = R2, compare the
currents measured by the
three-a:i_"nmeters:

4 A3>A2>AT
5 A3-Al=p0
- None of the above

don'tknow

~ Experiment 3: Building a
Circuit with Resistors

" From Diagrams to Reality:
Measuring | & V

Class 14




~ Measuring Current (THRU)

Measurmg Voltage (ACROSS)
RED {V)- BLK —

Red 4 —blus

E3: Two Resistors

1. Set up resistors in (2) parallel and
(3) series -
2. Compare voltage and current from
 battery to voltage acrossand
~current through ONE resistor
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PRS: Expt. 1

In the experiment you built the following circuits:

"o EE S
| § i i. !

DC Ci_r_cuits _\_A_r_ith Capa_citors .

Sign Conventions - Capacitor

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

AV=1,7,

o
o e

Class 14



Capacitors in Parallel

¢

Capacltors in Parallel

o AVi=AV=alr
, /J’ 1 ) e Same potentiall
:: 1
£y
L QI C B Qz
—u— Y
f
+1va

Equivalent Capacitance

AV eAV2AF

116 ___._,,? et it
gi - - i
: . o il
0=0+0, =CAV +C,AV :

e =(C+C,)AV
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Capacitors in Series

AV, G Ay i

Different Voltages Now
What about Q7

'Capacitors in Series

, G A &
ar, G 5
. -?Q ) +0 ()

Equivalent Capacitance

av=2, ar,-2
G G
C| Cs

Do dle |AV=AR+A Vz_

_ (_vn‘ltagé :aéli:lgs:'ln_ series)

Class 14
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PRS Question:
 Capacitors in Series and Parallel

PRS: Capacitors
Three identical capacitors are connected to a battery
The battery is then disconnected.

How do the charge on A, B&C _I I__{ }__

compare before and after the battery B C
is removed? f
BEFORE; AFTER —
o% 1. Q=Q,=Qy No Change ,@-“'
s 2. = = .
% 3.
4.
5
6.
T

P iR

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

Class 14



MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Department of Physics
8.02

Experiment 3: Ohm’s Law & DC Circuits
OBJECTIVES

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 capacitors, voltages can develop across those elements and currents can
flow through them. In this lab we will investigate simple circuits with only resistors in
them. We will confirm that there is a linear relationship between current 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 niot significantly affected
(Fig. 1a). A voltmeter, on the other hand, has a very high Tesistance, so when placed i
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 Vg = Vierer =
LeterRmeter), and again will not appreciably change the circuit (Fig. 1b).

A7)
N2

@ —AM ® |

l.._.__‘ [l

o] "= + *-
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.
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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. AC/DC 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.
" LOL

E07-2



(2)

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

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. 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.”

Record V and / 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.

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).

2 —_— = {
-
-

Lol IV

e s " N\
) o—

L ® Y =005 )m A

—_—

=)

Part 2: Testing Ohm’s Law

1.
2.

Use the same circuit from part 1

Choose signal generation parameters (waveform, frequency and amplitude) that
you think will help you test Ohm's law _ —i P‘

Record ¥ and I for 1 second. (Press the g;een “Go” button above the graph).
During this time the battery will output the waveform that you have selected.

- lrJf‘” f‘flﬂﬂj({ z/l{;Hﬂff 0 a»/ )f!'-/-,,ve

1
{ y Y . | N = I
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( J‘- " 4 5 yarry : : 4 | |
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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?

/¢ N I 7 @ K(/i TL I‘ v ,V ;!‘ =N
Vﬂ e o }mﬂc‘;/ il | ) - . @)
~oes TR A ‘:_"i:" [ 995 nel CHarg { )

{ r51 ?b i (,ur'."v'n" ﬂ.f I V‘f"}”i‘j{f |

- . f , v o 1 \ s
his port | changimg ) =~ ohms Jaw sHII $re
Part 3: Resistors in Parallel ¥ :

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 [ 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.

O fl Vi / of [ /s " 5 } Qo

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 1?7 Why or why not?

L5 Tnh (L":‘--fff “\/“@(]\) ¢ why

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?

"-:‘_’Iff I ! o L. -
\j»-t;'\,‘,- o o A 1731, o % o Rl

B BE R o PR G p LVl / A

{ ' ! A
’/ L rn-f L_(_(. | ‘lf . : r
Corom AN &I 001 h Shovid  he SUAY ,
f A & L
\ e { AT ¥ i
L \/I —I ﬁj Cverywlire o Mind wapt Ut
¥ el iy { e ? gt S )
f-ﬁ(v ’ S5 (A \ p v - /

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

e 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?

e 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
Problem Set 5

Due: Tuesday, March 9 at 9 pm.

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

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

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

Class 11 WO05D1 M/T Mar 1/2

Reading:
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
Class 14 W06D1 M/T Mar 8/9

Reading:
Experiment:

Class 15 W06D2 W/R Mar 10/1 1
Reading:
Experiment:

Class 16 W06D3 F Mar 12
Reading:

Conductors as Shields; Expt. 2: Faraday Ice Pail;
Capacitors and Dielectrics

Course Notes: Sections 4.3-4.4:5.5.5.9, 5.10.2
Expt. 2: Faraday Ice Pail

Current, Current Density, and Resistance and
Ohm’s Law; DC Circuits

Course Notes: Sections 6.1-6.5: 7.1-7.4

PS04: PHET: Building a Simple DC Circuit
Course Notes: Sections 6.1-6.5; 7.1-7.4

Expt. 3 Building a Circuit with Resistors, DC
Circuits & Kirchhoff's Loop Rules;

Course Notes: Sections 7.1-7.5, 7.8-7.9

Expt. 3 Building a Circuit with Resistors

RC Circuits; Expt. 4: RC Circuits
Course Notes: Sections 7.5 - 7.6
LExpt. 4: RC Circuits

PS05: RC Circuits
Course Notes: Sections 7.1 — 7.6, 7.8-7.9

PS05-1



Problem 1: Short Questions

a)

b)

d)

Why is it possible for a bird to stand on a high-voltage wire without getting
electrocuted?

If your car’s headlights are on when you start the ignition, why do they dim while
the car is starting?

Suppose a person falling from a building on the way down grabs a high-voltage
wire. If the wire supports him as he hangs from it, will he be electrocuted? If the
wire then breaks, should he continue to hold onto the end of the wire as he falls?

A series circuit consists of three identical lamps connected to a battery as shown
in the figure below. When the switch S is closed, what happens to the brightness
of the light bulbs? Explain your answer.

Problem 2: Circuit

The circuit below consists of a battery (with negligible internal resistance), three
incandescent light bulbs (A, B & C) each with exactly the same resistance, and three
switches (1, 2, & 3). In what follows, you may assume that, regardless of how much
current flows through a given light bulb, its resistance remains unchanged. Assume that
when current flows through a light bulb that it glows. The higher the current, the brighter
the light will be.

- | @,\

2

@/ﬁ

C

N
7
D) KD

In each situation (a, b, ¢) as described below, we want to know which light bulbs are
glowing (and which are not) and how bright they are (relative to each other). Always
briefly discuss your reasoning.
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a) Switch #1 is closed; the others are open.
b) Switches #1 & #2 are closed: #3 is open.
¢) All three switches are closed.

d) Now compare situations a, b & c¢. Which bulb is brightest of all, and which is
faintest of all (bulbs which are off don’t count).

Now replace bulb A by a wire of negligible resistance. We still have three switches and
now two light bulbs (B & C).

e) Answer the questions b) through d) again for this situation.
Problem 3: Ohm’s Law
A straight cylindrical wire lying along the x-axis has a length L and a diameter d. It is
made of a material described by Ohm’s law with a resistivity p. Assume that a potential V'
is maintained 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 electric field in the wire.

b) the resistance of the wire.

c¢) the electric current in the wire.

d) the current density in the wire. Express vectors in vector notation.

¢) Show that E = pJ .

Problem 4: Resistance of Conductor in Telegraph Cable

.The first telegraphic messages crossed the Atlantic Ocean in 1858, by a cable 3000 km
long laid between Newfoundland and Ireland. The conductor in this cable consisted of
seven copper wires, each of diameter 0.73 mm, bundled together and surrounded by an
insulating sheath. Calculate the resistance of the conductor. Use 3x10™° Q.-m for the
resistivity of copper, which was of somewhat dubious purity.

PS05-3



Problem 5: Current, Energy and Power A battery of emf £ has internal resistance R .
and let us suppose that it can provide the emf to a total charge O before it expires.
Suppose that it is connected by wires with negligible resistance to an external (load) with
resistance R, .

a) What is the current in the circuit?

b) What value of R, maximizes the current extracted from the battery, and how
much chemical energy is generated in the battery before it expires?

¢) What value of R, maximizes the total power delivered to the load, and how much

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

d) What value for the resistance in the load R, would you need if you want to

deliver 90% of the chemical energy generated in the battery to the load? What
current should flow? How does the power delivered to the load now compare to
the maximum power output you found in part ¢)?

Problem 6: Battery Life AAA, AA, .... D batteries have an open circuit voltage (emf) of
1.5 V. The difference between different sizes is in their lifetime (total energy storage). A
AAA battery has a life of about 0.5 A-hr while a D battery has a life of about 10 A-hr.
Of course these numbers depend on how quickly you discharge them and on the
manufacturer, but these numbers are roughly correct. One important difference between
batteries is their internal resistance — alkaline (now the standard) D cells are about 0.1€2.

Suppose that you have a multi-speed winch that is 50% efficient (50% of energy used
does useful work) run off a D cell, and that you are trying to lift a mass of 60 kg (hmmm,
I wonder what mass that would be). The winch acts as load with a variable resistance R,

that is speed dependent.

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

b) To what resistance R; 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 delivery to the winch (power dissipated by Ry).
band VA8 Lo,

c) At this fastest lift rate how high can the winch lift the mass before discharging the \
battery? b [ s of = o jefand
Y h%“ (.)r"ﬁf’e] / Puwfr ( (ntt t i “ = derd

d) Compare the cost of powering a desk light with D cells as opposed to plugging it into
the wall. Does it make sense to use rechargeable batteries? Residential electricity
costs about $0.1/kwh.
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Problem 7: Faraday Cage

Consider two nested, spherical conducting shells. The first has inner radius @ and outer
radius 5. The second has inner radius ¢ and outer radius d.

In the following four situations, determine the total charge on each of the faces of the
conducting spheres (inner and outer for each). as well as the electric field and potential
everywhere in space (as a function of distance » from the center of the spherical shells).
In all cases the shells begin uncharged, and a charge is then instantly introduced
somewhere.

a)

d)

Both shells are floating — that is, their net charge will remain fixed. A positive
charge +Q is introduced into the center of the inner spherical shell. Take the zero
of potential to be at infinity.

The inner shell is floating but the outer shell is grounded — that is, it is fixed at
V=0 and has whatever charge is necessary on it to maintain this potential. A
negative charge —Q is introduced into the center of the inner spherical shell.

The inner shell is grounded but the outer shell is floating. A positive charge +Q is
introduced into the center of the inner spherical shell.

Finally, the outer shell is grounded and the inner shell is floating. This time the
positive charge +Q is introduced into the region in between the two shells. In this
case the questions “What is E(r)/V(r)?" are not well defined in some regions of
space. In the regions where these questions can be answered, answer them. In the
regions where they can’t be answered. explain why, and give as much information
about the potential as possible (is it positive or negative, for example).
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Problem 8: Capacitance, Work and Energy

Two flat, square metal plates have sides 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 O is moved from the upper plate to the lower plate. Now a force is

applied to a third uncharged conducting plate of the same thickness s/2 so that it lies

between the other two plates to a depth x, maintaining the same spacing s/4 between its
surface and the surfaces of the other two. You may neglect edge effects.

-Q
.8 i — 3 f | L- |
-’jz d"l .\! ; ; A- i ‘.”f . l_‘_--‘ J ’/‘f’,- -f'.": ‘." " ..‘_/] r o ::
Q‘T b 4 o i, S -F’_,-"'i =
o ; 27 /’yz"' / # . i 4 ; / {Jr’ J!I.r ‘.""z', /i_,‘l j|+ a = r j::-""/
b e "; Porspecdue view
= L - '

a) Using the fact that the metals are equipotential surfaces, what are the surface
charge densities o, on the lower plate adjacent to the wide gap and &, on the

lower plate adjacent to the narrow gap?

b) What is the electric field in the wide and narrow gaps? Express your answer in
terms of L, x,and s.

¢) What is the potential difference between the lower plate and the upper plate?
d) What is the capacitance of this system?

e) How much energy is stored in the electric field?

PS05-6



1 8.02 PSET 5 HINT 2

1 8.02 Pset 5 Hint

Hi LOS problem-solvers,

prob 1-a) small distance thus small voltage difference.
comparing the resistance.

prob 1-b)
starter motor needs energy

prob l-c)
i) comparing resistance, ii) check whether there is a close circuit for current. iii) grounded makes
crrent flow to the ground.

prob 1-d)
resistance is the same, the power(P = I° R)proportional to the resistance

prob 2) again. compare the current

prob 3) Here we have two exact physical formulas:

(1) B, = —dV/dz, (i) I = JA,

two empirical formulas:

(ili) R = V/1 (i.e. the definition of resistance, macroscopic view of resistance),
(iv)p = E/J (i.e. definition of resistivity, microscopic view of resistivity).
From (iii) and (iv) together give us a relation between R and p.

The above 4 egs constraint 4 degrees of freedom, thus 4 unknowns E, R. I. J can be written as
the remained parameters L, d, V, p.

prob 4) i) resistors in parallel, ii)resistance proportional to cross section area

prob 7) if there is no net charge initially, floating shell remains zero net charge, grounded metal
may bot be neutral.

a) no E field inside the conductor interior

b), ¢) grounded implies V=0

d) Think about the potential landscape. Think inner and outer shells separately, once you un-
derstand each case, then combine two cases together. Find: Potential V=0 for rjc. potential is
highest at the source charge (). potential V=positive constant for rib.

prob 8) The below i) ii) iii) give you sets of equation, vou can then solve charge density distri-
bution, thus solve a) b) c¢) d) e) in order.

1) By equipotential of the conductor. so that potential difference for LHS of two plates is the
sawe as the potential difference for RHS of three plates. Note: E=0 inside the conductor.



1 802 PSET 5 HINT 3

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

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

e) two methods:
i) charging up process, Ug = [ dqV/, integration
ii) E* volume integration, ie. Ug = [ LeqE%d(Volume)

If you have free time, challenge yourself with the following,.

[Hard] prob 7-d)

It will be a challenging problem to find out the analytic form of potential and electric field
between r=b and r=c for prob 7d. the exact potential(and thus its negative gradient, the E
ficld), can be obtained from “Method of Tmage” + “Superposition principle”. There will be a
series of image charge. since we have two mirrors here(inner shell and outer shell), there are
many images of image(n) charge. One can expect certain geometric series sum of potential can
lead to the exact analytic full potential. Normally we will start from assuming inner shell and
outer shell are grounded for simplicity, but here specially need to be aware that the inner shell is
not grounded, so the inner shell must be neutral, need to artificially provide a the same negative
amount of surface charge well-distributed on the surface to cancel the amount of total charge
on the outer surface of inner shell(which charge sum is equal to the sum of image charges inside
the inner shell).

Good Ref: Chap 3-2, Method of Images Griffiths, Introduction to Electrodynamics.
(Indeed to sovel prob 8 analytically is a bit above Griffiths level.)

prob 8-e) You find out the minimum stored energy is at x=L, then 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
and the periodicity T).rieq for this motion.

You can find out: For small Az perturbation(|Az| < L), U = . Lz?fs\i\-rl) i 1?()1")(1 %+ ‘;jf—l)
ol (1~%57 ’
thus F, = —dU/dz = —L thus a; = Fy/m = 3,,(,{:]1:;- .

We find it is indeed a constant acceleration! (surprisingly, not Simple Harmonic Motion). Where,

Az = 1/2at?, 50 t = \/2-9-5

3 - . -
Theriod = 4t = 44/ =25 ]‘m G’C’Q" 5‘[‘ 2 Az, (You can check by plugging in a by yourself.)



sk Vf)@)r 6 to0-3 =AY

e Mdetl Pl (¢ () g

!. Chor 4 Q LsTion

a) W]nz/ can__a bied  gdoed oo high Lolfegp

A
b bl dyLy

il e

o E(' QL5 hf ¥ Qce pol _h?w’[;_ L r‘!j 1 g ’EvﬁfL

T Clterr  ta\s tu palh of least rpcichure
1 /gt

which " te vare, ot i bird

b) ]qu? \40 \//OU( Cor }\90(“‘:31(11)9 J(m VVN"\ Z9v __‘;ror(*l ‘n

4/ Y

f:”ﬁ. (44 K,‘} A i'f/‘g\ ; drdw_s NPl P@W/
‘ .

XS Opent Power = Aw = I V

Yrar \lt)u wer - [H’

vy

oty Do Tagy [ b
(b m VoHaqp r/(ag) A ((05¢

Your Coul 4 yov Sonchonr . 1 Tac , L (
. Sy T warg fol BiY
_Shm_yggdim_mssw_m | card il

it ‘\\'——— J’ 1 ‘ 1
work? Vox 1 il 1 — wheteren. Lil__anofbe g x
R hod 4o l""ﬂea teaclc oF ((om nf‘ﬂ/‘-"r

“wWnafs oy on . =1 il &]/ . AV N
Iy R/ " K&

Somehiv s l Tl i \{OU K 2

Jcé—som:ﬂn% [ rong only o -
~ }/\ f‘m s’/e(.ﬁffm}- e

S i"_ye-' Rgomat €01 s [P cQ

Ve 0T S 0nac lerlet 11 L adds

‘Lt_umﬂ_lf_\elﬂ \aoﬁ'- of 03,

C)w



b Vo Hotgg s Clhed

p =1V

T P Tam

a ncihst) | ool _thaufort 2% (acs0uss

. = Cufrtul - /ol
L’g“ Ecom  blh :

7

Ty ot A2 cV(me 6/&/91% fe % b/amcé,

(17 1 =
i+ e [ altteglocs Taly > 100 amps [hah (wm;/)
From lust // ,Ok oC pmsay puded e plss hm vona
Ll Vel fhiosyh Laﬂé’w
8 FOHAﬂaI Jof" deg + lahts i,
Joolugd | v |
o' e te  bolt b Jou catomal reestan,

(;i‘l-f.'?l‘\\r . !\(m m "'EIALL [m 'bl o c{S )'no/e,

m’\w{ - noﬁf’fﬁlp’ A lowee  Cvrreqd. erI

—

.

N Co cf’ !pabs )!‘.L W‘LM_ J. nAds "uééln/a

L) | A P0cLaon (;’-HS dnd qfﬂtbg (ﬂl’l VOHKAQ

" Cwit, LE U <ok him as he hangs

| does he dic G If peeals  ahd he {0"0{54
_r Jogs e dief




h!" e ba'n\ Casr’s. He dots not o'!fe
if 'ﬁw vwf(’ u rtanrufé’o( o ho dogs vt

towh E\g geoad, flo _once fu il breaks

I\Q L5 lMgU'r LA ({ﬂfﬂ(’f‘ Tt

ﬂﬂ[d il lanaﬁf 0*-/52’67{ ﬁ{ C/ﬂ?fﬁf" 50 Jo llj

Shbfe.

(U | Gor e Cleent 0 Iamias
—— 0"0“737
== . 7N A J
\J 2w Closyf

2 8

/

Bulbe | and 7 lncensc 'n brightueg

3 deos aff

m UL eat miw fmd 5 _d pa}” OF lowg—

(G‘a;.s}‘d‘n(é IJ--, ,_;{Jﬂa ﬂmwﬂq #L 6‘#*”5‘)

wekeid  Hhogh $udp 3

[lese ,‘r@hb dre_ i Serles

o R Terto i By g 6 7

S0 iacreasts  fhus lights beghte

#_Beqltvee = Ccear <voltoge = afl o

< powt
|




(O T

R

((e;;':eia,ucc ;,\ d” 3 11/“35 = and U‘ng‘u

w4

I A Swith Closod  ptucy ©pln

No  (losed cieayl, no flo,  po li@Af

1
/

b) Cotloh | +7 Closed 3 gpor
b 4

We base 2 }}Qu;'c n___Seres

V7 H E U‘l. Tp"z,)

| _)'M(\. 2 %!r.)lm'n? at qune  cabe

Q)_ A” éwHCh{’s

4” ? iﬂt/“vs Gep O

Bubh 1 ' duie T igtres (;/umw{? of

]
| Zand % wheh are =




" ' Nh‘td’\ /05 'hk br‘iﬂ”@)}\ Mrow Ql!udf,a/]g-
‘)Domr = lfoH'qna s Cutpqf—

k /gul”“ J'?bi” (\/mwf')
| b=k amp & groatel

99(. = Lo ﬁm.a = YQGU]L
| AF = probley
f_ [etfor <ol b /Z/Jf = 15‘ amp
| 28 = . 4s 7y

-
)| WNow ceplae 4 w] \\se

.l; d) 51'”} Ao (on_ﬁg]efﬂ f;fCV+'

F
Y ol by BV on ab g aeps

( ‘)G'h‘\ g dt— ~ }Dr(ﬂk}'ﬂs—f 9 ol Qﬁf"ﬂ
A5 n@édﬂf :deaJ)

Thegd | ] BAb 0 gad

Jf{'F" ! 3 Edf G 1M AS )""u/’[l C7 t’?(
whoge | &) Toy ow d’! sart b ightues f pocslly] ginl)
drp¥ | "wore exits to o theafor
3 Gl\m,; o M ﬁf‘ﬁt}gh!— wize_has l@m}h* L . Iﬁ
\
A gl Vollage  af. X=0 gnd (J _at x<L
of m/P | ) '
mitters | d) Trpree (Ul on  wice L4, vp
7 { e
(_Qui-&w"h;b 1 T‘— g l:
~ : p [ eyteng| elafs,  Citld
L= lps L
ﬂ.\q"’- \Skw\q PAN Y —-——: :r- f'—‘.\ f A
MAENITE - Gl - = ~ E=gif



F 4

.

’a){ @&glbl‘cma n( W‘l/Q
i
]

_ 2.
J =nC™] ‘P:mg

| Me he
| o (iadeq et veleclh,

e
A S | GATY,

./ T cuctet  dord, A/m?

4= chagt of corters

n= ¥ of alpts

mﬂv 7' 0{{‘ J/;

| Chorge dClaq,(nﬁA'x}
| T Vy At

—
I

—_—
L
=5
Vi

|
Vi — )

4 i

| R e ——
| C Ox <y

i L..-:ll(l S ’\?l/ﬂ‘

@ c A

b does nol tavel i a 5"(d.r;gly Lice

—

J :niz

well  eledeors forl force @ =R _ <F o
e

Mme

\/Glo:il-? before  noxt C@“‘S"MW_=

5 X o QE-L

i - '} == W = ol
e W, T &7 8 dhes e

I !



S0

Ovoall fvorage Ve

1

: /\‘f‘{;7:/l_[17—@__§:’]l‘: — \/
‘- e / = 7 {(\T/ "'—“'d

t/\/ls[n ne &lﬂ’d /J/;?:O

luhen & = 237 emenn fim boface tollisins

V(7 = ~€F v

me V

S0 Curfind dEa&:l*I;

— 4

[ T =-my < “nefef y|-ner?
j k MV Mp &
i ‘ /
; (UC(QA 1 et
i J,:a\m - Nn GVEIA r: (I’,_Q,_
| ¢ ! dF
T CU((? ﬂ+ Q].Qr,‘-‘A; 1M \N\i [’g\?
_,____} -\ A
J = Ng v, = =
§Jf10w EA:IDJ“
|
I -
| J =nety~ = &
i e T E=p J . L
| " Ve E
| n_ Coe> ) e
} 0E ) f::: ll;



it ; Lo Focmilas
Ecd |
! F v = "QPL T = \)_/‘1
| x B
{
_[ ‘Q\: !_ (ﬂfc‘ldﬂm IO E ((tbfa)alu
‘ I_ Ma(roscap'c.l J- M!U’opropl(
< Jont _— i
(Pd“y -
L | E=-vw\V ¢ € Sy ve shall gul wih

@ Qlw-n ‘\-‘l”

M h\ttﬁ 9085 w’

Pohnﬂz&l ”’WV 1 = {( J— Jﬁ

~ r(qh‘(,

Cowht b we st fpm’

N =TT [

=







4, | Qegioltne  of loadypfor 14 E’ﬂgraph
' / . Wl dtonﬁﬂr AL
| Eind  reselance ?; (0-% /)
| ,J T L‘T} 2000
-

42 0°% « 3000 000

;
5 2 ~
| /

2160 pagh  wier

| L N

| 2150 2o

F

| 21507 7

" | IOO:-LZSZS\

: Course Nife s

ﬁ Hooh, h-Nmpct = ) @32

E ;‘: J[/{JLH\': W H“-LS @/t Mfe

}

| _ |

| Ropl _ 3:00% () -m » 2000000 m
A

7- ’H/l_g_g:%?l) *"un‘tf_ec@f‘

7o bagicall, on; mista% s whee T 7

A28 ) Larea 7 7 tHais

i .

PR A



{ = Geadf
6 "dpﬂ]r'(af‘fﬁﬂ

Linfgmel

5, Bdﬂ‘i’r? 6 [\ (q, € {oad

A ) (uccenl ;r" Clegyy b (b o i
Lot ecalaals @P?d& A Cirg  Jdir
| V{: ~(-Tr
| TR = {~Ir
(oo, | TR v =¢
| P76
R?»/“ it
Lof s
Rir

M

-

b Whal  valye ol R, pmapimises  Curret Erom

L batMy agd fowr mech  smay befew (K i
| T -¢ See Sws.  — O
Wors <4 ¢ U;: Air .

oAy | Ty smaler Do valve, by poegle-
" i LYl T
CU((’QH [Maw Cureont w,,en ne (ﬂ+8fml (‘Pctbf‘!"‘fi)

ool Ercg, () AW *aﬁvgd@i/
= L o will & g

o 5
—well Prc]ﬂfj_fﬁHWf

;V’;:QV (l" i’
]

(—f
{

( \;ou r*f,é’é mea?
qvmﬂ%@. b zole)




c

67_'

C)' What vale of &L frok (268

K fal  power te
lead  bofore B?’xlﬁ‘ﬂs' l

pon %\;- l‘
byI | Py M\ T Vacoes gy = TR ol laad
“cafe ol Divnilce T of bl
vhich eargy |
15 J(mb\ﬂf s P SI?'/‘L
| Uy dopradad on O [l redbace)
U =M = I
gly=__ | Jile poblern G8 - tale  denv to Elad ﬂlmmm
I\/A(‘"QAL or fid critical H} /"W‘ - C"«'[C
| b (€ )2 A
| LR\
‘ & Ml(r*&q)hz
P= {7 (il i f) %0 R g2
I PI & L'L — _Zf{ﬁ
fl I HL) - [ffﬂ)"
| Gf = ng' O to Flad icatliesl iﬁf“f
=" 2RE*:
(ct }1 V"IO"’
Co\l(, GOUJ |
| 0 = £*-2L¢"
e | £ =QRET
| [
i | =20

| = ¢

\ il Ly



bo u&‘aw Q D ,l;djl‘f(? -

Qk . lgr 1?:[3\1

"h ()

) J

f/ O AmMurs E
)O dmp = nolﬂm ‘.(0\' 5{’(4-4(!5 L/‘%OOO 0}0
Seconds o ‘

dn\n }mw (/AH cﬂ[ elechic cl?ta@p a

| amp he < (00 Colombq

Cﬂame hd')sfprnrl b,, 5+E’AJ C(/m’ﬂf' of !CMp for Lhr

Bh =5 f_,

\M(A
J

Ay - G [ [
— e e

Mg

e hoand  + nol helh colafed

—00i{ b cale Whn  balf G oyt of chy,

(EEMETY

P 1 g howmech  frocgy o balt
- = ‘%Q_V b\/ml.« - ( E d/
s p-T¢ g “\4_
k r[r_gV

Q O CafOM L’S




How much  prorgy 15 TlsT

U=¢ v < gaV

Ry r P T

- l) ﬁivm From La#*efy

Tén Lol Dl " Pori

Ales it oshs  Orqy of Lalbey,

Q{‘Pfg;f of lpad . |

C dek

Giww | —Valig_gt' s e sam )

b ot 1 = G o Word P/ d U&Bi D n de{’f
[

Jh o | 7
(due o \oturl /Ebmhw) thon  povss

¢

i loud

~ht hew to Z0precd figh v & formdg

&meﬂu'\

[Ons:i’fvd{’on of 6#&"!1’

'}dL(m l\arq& () jﬂﬂv"’\ .rf.e,'u:i?, C:a‘/{

fd !wnc\ I‘)E __g( é — %g

~opls duﬁpmd. g foc_ Cireyid

Pedv . w T £
df ‘%‘_6 il

' ' 1
(Ur 13?/6' é!\_‘r ‘mﬂ, 101'5; ,{{» h,g” (u’r!

TE4

Sore. F 5 aad

Ly lafews| res lasce

L




5Bh Eosuik
(2de {‘. fR] .
7 larqc,l' whn po ceststae  (J gotface )
lareaslln
O Vovee  in  hatfery

dy “dg¢'-p ~~ =-T¢

(“‘ E‘F - ewer baliery

Powoc Gfserpm‘f*d by food_
—con '05?. to 'mfma/ \eff('w«:v
*0( Melor  Cdn ]LH ‘Je"%l[‘
—[d = o e
/Jr.l, d . lead
(‘ how eoch PE .@n:ng {ﬂ 50»11}745; il
W Power - Timg
batt bdﬂ'ﬁ’y i . g -
[lgen = (CEJF = Q¢ e m
Tt MG V */
Ol P12k - ¢Z 1
red - i i e i
7 ‘k ¥ f"mﬂ\n’ﬂd?_-t
’hk(&. dﬂﬂ“ va
pfnaucl (Ukﬁ
R, |
n F\M‘Z(ﬂ‘g DcwDr {.0 '_MC{ ’ tﬂfpfﬂ?,‘."ol
_r . ‘nd-té ﬂ.ﬂ[" “d“:' ‘/
Powef —
{ooq ('HJ‘L




Frory,
= bt gonabed
~ 5ot disapattd nfema]  ecislgq
- fecth d'{esifd/\[ﬁd o losg // =

\

facg eyl 6 ad lalf/

d T
Eﬂ?f% J!;Llpdh.qf el
2 |

go £t lad can  find

T2 = T

~vhn oot gam  rext Ay )

€ | (udton

?0:/0 load P=17%R
[0 % ntemal cosstone  P=T7%,
"cane T hoth
h=frn
T ostdaaces = E’Z = T may

(BViw | 1L fecistanggs  not =
et o T & .6
~Koinq Xy Y | ;
Chogqes across only gotting O  tetre) hefory

I Hﬂ‘;m!

- ofs of Pwer {o lo o § Ilﬂ,_ = 6 z 9,1‘
Bio 1 i (ot ?rl'll
-

{ast = lols of twryy wasted intoully

-~

slows < m Dricyy wasted mh?/na.“;/



n[a 7 4“‘0/ {Ev‘! b

bo (Mﬁ/ﬂ‘i

Lun (og fwldd o€ ouse

x dos ohd fhial gbed WY
-—wf“ 504 kA (gs»”? {.‘m&hl




)

0\/,,4,; ’ Q f ({_L.L \: V[_ -‘[_:_1_:__ ) - 90%0(
rels L& 1R ) R/
= R
o R,
QRE"QRL SIOR{
I: 6 P:I?R ?___é___z (?ﬂ)
104 109 R;?

fax  gowte 1o C

£* 0 whe~ &) =/,

[R: I‘ﬂl)i e

by {%jlf;ff = é;fL

TS

P = 0)F2 0% YL - 3%

P,mrnr p\’. - R: é‘L .
[
QR il

Sl \1

2@7/0 0( ann\; il




ot AAA‘ AA‘ D AWP Q 5 (/
i Q\f{l{éfﬁn(e "‘: a((’,fw =) Emmq 540(4 9
| ARR 1S Amp  pour’
F‘ Y_\ /6 4”5 h(}ur(
.[ !
w abad|  Cecidae 1 12
i- lm/t Sp% eff ;(@q} A
| rvma bo )it (0 '/Ja
| ),; ath s N (cpetd JfPeﬂdw)
d\) | Sy Qo0 wialh (v guper  Slow 5,944.1

] \
mLi" ool Qg 2 (4 Henal Se  no

ofs ol  0ueq, \, inltadl  rtihin s

Haw ;\;%J\ C'(IJZ\ d REES

@\/ = ;"Ir

Zf “Tr ~IR =0 cemp et loo,.[)
| Teh

L+

f

Powor =T 6 < T(‘[ﬁ*:[r)-::[lﬂ _fI’Zr

no intesgl fﬂbxfdﬂl"‘ﬂ So .poh,g_r- :IZR

= mn/ /) mgh

MM“ %) 6/;\

Ah TR A mp *hour

,,_-'/ N ' © ( hadgy _((olamb)
it )‘Xj\ /Amp’ | Cail :

= vec

=T F



g lh ~ Ay = A E =~ work

36000 ( [V~ mglih

Qh - 56000 (.lsV

Mk

# 4o bd}';rd”,}‘ /Anﬂn h ?Wﬂ,”—({l + L\g:, n{) /f)/ff(

T sl plling X
- ) Jo whal resisteace Ry skl sol to gyt
ol Jevag | batt it ot  fostesk  cate [ A p@.p/)
and not (ef.“‘r ‘
W}s_i' 5 Pover —T¢ <~ T(TRT,) =T2A+T *
v mat F’"i 710 ﬂni max fcf(UL lsf dé’/u &MJ ff,;d ‘g,'/,’m/ 'ﬁf“
L : Oﬁ\"l MA‘L Powt " )oal
| i Iq O =¢-T- '—IJQ
CT depeads  on R . f-
JP - gy T
' s d/{ [(‘HU (Snl\, m*?rf&féd (n
3 = g2 (o +h) " powac_dispoled
- b 7& ""f [MHL
v @ o] (O (el 2 (i) - |- REZ
ik 01 > 2 R¢?
Cy .| Fia)>  (rta)r
(f rﬂ] { [ "
e | Rate = 4k ewor = f)l, Qb =mgh
| \F I {5

Glt.r;nl of f’nd v e -iL 'ij :ﬂ'{':"?
T

Warl






)| AF b fostel [\ _cabl <l bug befoce Jechugiag

F

" 36000 C - 1.5v = mg bh

iy e Qb= 36000C Jsv

bofore. g M q

o e .

o ;W | 36000 ( LSV
- am (9 | = E- i <
—mizi’*l ™ \(,31—«/’70' M)z -

‘—15 T S

-mu, ‘}M !

ma
v

n ) Ford |/ anl Po“"o"'

havo Crorgy  qed  pont (lod tim

. v‘elot‘:!r, = ol'ab*‘dﬂw

W= qV =Ed
er:

’\ | Pors, = Q-]fé E-d

| may = 36000 - 15

-




B 2L Re" 36000 -5

(Recd® — (Rec)= © F

F= 3600 - s

[= __%3-[7_
(R*f)l ‘p\”)'i

o« velectty to Flad Jiete
c[-’J'/‘f'
J - 36000 - 15 ??—~2/z=
b "2’_62“ » Rir)? (R+rr)*
(Qrc)* (@) 2P —

Oc Ubl'n D) a

Lo Kwgis .
A

J S L‘o06 'LT

mdl
T ¢

T cosf of POw?fmq el hd“‘ with D

=

bob“""u lastoad " of ] fauh

% M a battery,

I R > Y -

T [ he

Kk ivh ;5 erﬁ;vf

kuA’L 3 31 { MEOZCL 10 e




Powr = puatks Amp hours o Volbs = Wwatt s

wolt b Power o1 = y i 2o
r ) ) ?KT ff‘} ‘LV~ fl fhe.‘fj’,
i £ i
o lo Am{LLN(c, ‘ llgf/ = _l()nf Valt oy Teta|
: L. EM@4
IOUF 0108 &‘W"\ Coc uﬂg 1F}C4‘\
]000 J{\w@f
Vs \ lﬂwl\ For \\ ' - i
| %M‘“ = 0035 kb for
| ,ooo 35, boh  for 4l [
l.
| \
| A — 257 liws moce prpeasict
"~ Q)35 | |
and Thel @ w/ ,ﬂfflq‘ld Qﬁ((&(/,
7,1 ‘l:dfﬂd()}y (a@g :
Two rosted cplorccal shells
— AR oz
PR A7) 4
o/ /) \f_‘fif
o)l Bob slelly are €laafing -co ot chogp Fived (o agkgwnded 7
wi ke | +q, ln mudile J
Mm, 3 hee \‘\
bt el sealp| ~60 _a a all &
bad - mob | all 8
_r‘f'an math C o[”
of o waske, J all (fY
of {im /|

= LT

1
|
I



Clolds oo T Dat  Jialliallog

bt de E €old cocdes  jacidg

1 no e right -l ompb,  space

.
e Steflalion . [F g “geecly L nlddly a Iies
' _‘ﬁﬂ’f”ﬁd’y Tm rm]dl“P No /'nd(z(e(( f:e“
L) \ Inl?!‘ rDI\QH [s Hom{‘l"q -dt/k}f 5‘@“ Oif?dhded
| O©Q oddpd ’
)
b all ©
C all ® |
d  neta  all of T @ chome Jisdappten
r. J i =
E Cll {1 he  Somw
e, )
Ll S
\/——_ - N
C) Taner @fwfzd{d outer Floqﬁﬂg) @ in midile
|
| & al ©
| b netisy ~dll of fo (P disafpen
| C ol B
| b oll 6 (assuning qrosaded cinco los probitn
e Saet Joimiler £yl




-

J | Oder l_groeds\ Lanee 5l Fleafin

) O added bilwesn  cagp

. e ™~
A R e N
TR I - I

i
'% E- o 1 o vlag
.__ ¢,

| V(f

P A () I
| AP s e N
Al S
=
! = o \Y
[/ o
N "’f/ ) )
NY~—. S
e — 7




CQPOLC "“"Ce,, ‘//o"\(f, Friro

Bl
" v
— v L4 L S g Cdge  Effeck
= ala frindging Tield
g I o —

, -
(s

+Q degL Mgved  from h.p Pldfc e loner }P’ﬂ-f?
n

vigl Cuactly

! et
el - l".l!f' ﬁ(u’:

r

me EWCQ {5 Olﬂp“f" +o

M o0
Y

s——-al,
Y
L ']5,1':’.
1y ECHN|
o
a) U Yo Cot  Thal metals sce  pgu potenita
what i3 0, dnd O,
EA -0 A
4
poud | F= 96; 560 6 < F b,
fhmm .

S what s @,ﬂ o b’
L win | g0

—

é -

1 pocalie |



| Idens
Noraahiy
-1
on : —_—
‘ twe (ap;(gﬁlj
| —— {
e
o ca‘r"rmfo,
s 9 —_lta tQ  (hage vp Capicafor
e, e =
poadlal R —
(“ )~ = L —Q
ours Fligpe! i1 A
oL ‘ 29m. P°?PAT41

T UN—HVE’/u; ¢ xaapl 1(aprdh*’s n /‘cp)hrL

b\/%' does  ngt uvamL v b oo s M{y

f]

Whats hgpfn?r:g :

=1 ) Ulhﬂ—h_l g;d & ﬁt’\
T veirs
(40"

s ods | <dr does mot

T P g hl’r‘

- Yo Forlal il o nen=@Q F ﬁ&m




5\@90#@, 0 aand o

[]
_— _ T QAL Yn Sdf@'{)

0 O
—OA

. o
/T -0k

\\__’_,_,—’/"'__.__-—__—"" e e p—— S S - ?

E<p

= | JJE&

— = E<0

Q_= o I e by

REWMMW L, aré Fo

{/-Hd o w/ 6\\/&‘5 e S

Oohnﬁwu = (ol mu_f_d!d)

Lan s follog ydeas ﬂmﬁsk In §},m30)5

SOL/Q 1[:0( 0~ and (R

El and EQ
and |/
aad  (
Con Ohtdl:: 7( F k-
fole G- Ed
5A0ul,l ’@7:
g b ZL

(o ld i ngrmgl t:MH'ﬂ"fc pocalle] ¢/, 5@4(5




gan \{GGJ da f\D{mq' GUGSG‘[‘M g\//&[@
Quin
bh-ak
&
Lag, ok
Efe-d" 0O = W echuge
E=0" A eofe
L-E) j
feal 7 o el
D comt gl Aoy [CED3)
r E E g E_n
Q = A]b fO—AR
0 o Vv, =4V
€o G
C-=Q
V
dc__can dﬂ purml anl .{Q[:&
s,('cn _IJ'\./ Ay Al
U: QVR orn ﬁpr,f;g,\
o =l

-T-Q_ G
C{[{( Cl CL




. X
El ? = ZE;F Li'
..;:'la Eﬂ o
X =R —————e,
o= 0B
Z
have_to Q =gz (L)l 1 20, x]
defl o4 Q-0 L?-a Ix 17207 x4
a(ed =0, LiggL® W i
f’rsr).d_‘:w! /

6, = A /0-:.1:2@

" Lerx] S L*ex{

&

- | E,ﬁ-’ 1:;\ \ EA=2__UQ_L4\'
Fn i Eg ¥ /

L~

-
—

LS (1M xl)

£ L AV=Gam = E, 5 = U e

L)

U (-0 - fellond -6 (Ul o
v A ¢

Qs
Celliixl)




MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Department of Physics

8.02 Spring 2010
Problem Set 5 Solutions

Problem 1: Short Questions
(a) Why is it possible for a bird to stand on a high-voltage wire without getting
electrocuted?

The reason is because the potential on the entire wire is nearly uniform, and the potential
difference between the bird’s feet is approximately zero. Thus, the amount of current
flowing through the bird is negligible, since 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 ignition, why do they dim while the
car is starting?

The starter motor draws a significant amount of current from the battery while it is
starting the car. This, coupled with the internal resistance of the battery, decreases the
output voltage of the battery below its the nominal 12 V. This decrease in voltage
decreases the current through (and brightness of) the headlights.

(c) Suppose a person falling from a building on the way down grabs a high-voltage wire.
If the wire supports him as he hangs from it, will he be electrocuted? If the wire then
breaks, should he continue to hold onto the end of the wire as he falls?

As long as he only grabs one wire and does not touch anything that is grounded, he will
be safe. If the wire breaks, /er go! If he continues to hold on to the wire, there will be a
large—and rather lethal—potential difference between the wire and his feet when he hits
the ground.

(d) A series circuit consists of three identical lamps connected to a battery as shown in
the figure below. When the switch S is closed, what happens to the brightness of the light
bulbs" Explain your answer. A I ¢

Closing the switch makes the switch and the wires t wf t
connected to it a zero-resistance branch. All of the & L | 2
current through A and B will go through the switch € — B & B
and lamp C goes out, with zero voltage across it. ‘
With less total resistance, the current in the battery &= A
becomes larger than before and lamps A and B get

brighter.
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Problem 2: Circuit

The circuit below consists of a battery (with negligible internal resistance), three
incandescent light bulbs (A, B & C) each with exactly the same resistance, and three
switches (1. 2, & 3). In what follows, you may assume that, regardless of how much
current flows through a given light bulb, its resistance remains unchanged. Assume that
when current flows through a light bulb that it glows. The higher the current, the brighter

the light will be.
8] A
I ‘ * \(

NN

2

C

In each situation (a, b, ¢) as described below, we want to know which light bulbs are
glowing (and which are not) and how bright they are (relative to each other). Ahways
briefly discuss your reasoning.

a. Switch #1 is closed; the others are open.
No bulbs glowing; no closed circuit anywhere and hence no current anywhere

b. Switches #1 & #2 are closed; #3 is open
A & B glow with equal brightness as they are connected in series to the battery and thus
the same current passes through each. C is still off.

c. All three switches are closed
A, B & C all glow. A is brightest, for all current flows through it. B & C glow with
equal but lesser brightness, as the current through A is split equally between B & C.

d. Now compare situations a, b & c. Which bulb is brightest of all, and which is

faintest of all (bulbs which are off don’t count).

Bulb A in case (c) is brightest of all; effective resistance of the bulb combination is
decreased from that of part (b) by the addition of light bulb 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) are faintest of all. Let V be the battery voltage and R be the
resistance of each bulb. The effective resistance of the circuit as a whole is 2R in case (b)
and 1.5R in case (c). Thus the current through A is V/2R in case (b) and V/1..5R =
2V/3R 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 bulb A by a wire of negligible resistance. We still have three switches and
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now two light bulbs (B & C).

e. Answer the questions b through d again for this situation.

(e-b) B glowing, C off
(e-c) B & C glowing with equal brightness

(e-d) All on-bulb brightnesses are equal, for all bulbs have the full battery voltage across

themselves, and therefore the same current goes through each.

Problem 3: Ohm’s Law

A straight cylindrical wire lying along the x-axis has a length L and a diameter d. It is
made of a material described by Ohm’s law with a resistivity p. Assume that a potential ¥
is maintained 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 electric field in the wire.

This problem is simply the review of the Chapter 6 of the Course Notes. You should read

it if you have anything unfamiliar with.

=i
Il

sl
e

(b) the resistance of the wire.

pL pL 4pL
R —_——= 3 == 3
A #n(d/2) md

(c) the electric current in the wire.

(d) the current density in the wire. Express vectors in vector notation.

L 12V e Heparop =L
A 4pL pL

(e) Show that E=pJ.

2 .k B -
J=p| —x|=—Xx=E
e

PS04-3



Problem 4: Resistance of Conductor in Telegraph Cable

The first telegraphic messages crossed the Atlantic Ocean in 1858, by a cable 3000 km
long laid between Newfoundland and Ireland. The conductor in this cable consisted of
seven copper wires, each of diameter 0.73 mm, bundled together and surrounded by an
insulating sheath. Calculate the resistance of the conductor. Use 3x10™ Q-m for the

resistivity of copper, which was of somewhat dubious purity.
Solution: When current flows in the cable, the ends of each of the seven copper wires are

held at the same voltage difference, so the wires are in parallel. Recall that when resistors
are in parallel, the equivalent resistance adds inversely:

Since resistance is inversely proportional to area, we have that

I 4 4,
— =t —t=— Ly

evt,‘ 1 R2 le pLZ
The wires are all the same length and area so for seven wires

L)
R, pL

Thus the equivalent resistance is

_pL_(3x107Q-m)(3x10° m)

» 1 =3.0x10° Q.
74 (T)(x)(7.3 x10™ m/2)?

Check: Since resistance is inversely proportional to area, the effective area is seven times
the area of one wire.

Problem 5: Current, Energy and Power A battery of emf £ has internal resistance R ,

and let us suppose that it can provide the emf to a total charge Q before it expires.
Suppose that it is connected by wires with negligible resistance to an external (load) with
resistance R, .

a) What is the current in the circuit?

Solution:
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I R,

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

g—IR-IR, =0.

Solving for the current we find that

b) What value of R, maximizes the current extracted from the battery, and how
much chemical energy is generated in the battery before it expires?

Solution: The current is maximized when R, =0.

The chemical energy generated in the battery is given by

Al
u,, = [eldt=glAt
0

During this time interval, the battery delivers a charge
A

Q= [Idi=1nr.
0

Therefore the chemical energy generated is

U

emf

=£IAI:£‘]%:8Q

This result is independent of the current and only depends on the charge O that is
transferred across the EMF. So for all the following parts, this quantity is the same.
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All of this chemical energy is dissipated into thermal energy due to the internal resistance
of the battery to the flow of current. When the battery stops delivering current, the battery
will reach thermal equilibrium with the surroundings and this thermal energy will flow
into the surroundings.

¢) What value of R, maximizes the total power delivered to the load, and how much

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

Solution: The power delivered to the load is

P =I'R, =(R ER } R,.
a+ I

We can maximize this by considered the derivative with respect to R, :

2 3
T
L | I - =0
dR, R+R, "\ R +R,

Solve this equation for R, :

R+R =2R,,
Rr. = R' .
The current is then
[ .
R+R, 2R

The power delivered to the load is

[)ImﬂK:IZRI = i Rl =l

The energy delivered to the load is then
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£ £0
U =IR Q=—RQ0=—""==-U,_ .
L { Q ZR’ 1 2 2 chem

So exactly half the chemical energy is delivered to the load.

d) What value for the resistance in the load R, would you need if you want to

deliver 90% of the chemical energy generated in the battery to the load? What
current should flow? How does the power delivered to the load now compare to
the maximum power output you found in part ¢)?

Solution: Even though we maximized 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 flow?

U, =09U,,. =09e0=I'R 0.
This implies that
IR, = R—fffTR" ~09¢.

This is satisfied when

R, =9R.
So the current is

&

10R,

The power output is then

})l :I’ZRI = i gRl =i li :_9_}::' max *
’ ' 10R 25\ 4 R 25

So we waste 10% of the energy and still maintain 36% of the maximum power output.
Problem 6: Battery Life
AAA, AA, ... D batteries have an open circuit voltage (EMF) of 1.5 V. The difference

between different sizes is in their lifetime (total energy storage). A AAA battery has a
life of about 0.5 A-hr while a D battery has a life of about 10 A-hr. Of course these
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numbers depend on how quickly you discharge them and on the manufacturer, but these
numbers are roughly correct. One important difference between batteries is their internal
resistance — alkaline (now the standard) D cells are about 0.1Q.

Suppose that you have a multi-speed winch that is 50% efficient (50% of energy used
does useful work) run off a D cell, and that you are trying to lift a mass of 60 kg (hmmm,
I wonder what mass that would be). The winch acts as load with a variable resistance R,

that is speed dependent.

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

This is just a question of energy. The battery has an energy storage of (1.5 V)(10 A-hr) =
15 W-hr or 54 kJ. So it can lift the mass:

U 54kJ-L
U=mgh= h=—2= 2 = -46
e T mg (60 kg)(9.8 m/s) -

The factor of a half is there because the winch is only 50% efficient.

b) To what resistance R; 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 delivery to the winch (power dissipated by Ry).

First we need to determine how to maximize power delivery. If a battery V is connected
to two resistances, #; (the internal resistance) and R, the load resistance, the power
dissipated in the load is:

P=IZR=( o JR:V; a
R+w, (R+1‘)
We want to maximize this by varying R:

dP d 5 -2 - -3
EE:E(VD“R(RH;) )=V (R+1r)? =2R(R+5)" | =0

Multiply both sides by ¥, (R+1,) :[(R+7)-2R]=r,~R=0 =  [R=r,

So, to get the fastest rate of lift (most power dissipation in the winch) we need the winch
resistance to equal the battery internal resistance, R, = ;= 0.1 Q.

Using this we can get the lift rate from the power:

2 L, S0%ey 5
r4 P /_
P:]ZR‘, = VO R.r = VO = 2 i(;ngh):v:iﬁ:ri
" \R +1 C 4 dt di  8rmg

I

Thus we find a list rate of
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c) At this fastest lift rate how high can the winch lift the mass before discharging the
battery?

This is just part a over again, except now we waste half the energy in the internal resistor,
so the winch will only rise half as high, to

d) Compare the cost of powering a desk light with D cells as opposed to plugging it
“into the wall. Does it make sense to use rechargeable batteries? Residential electricity
costs about $0.1/kwh.

A D cell has a battery life of 10 A-hr, meaning a total energy storage of (1.5 V)(10 A-hr)
= 15 Watt-hrs. We could convert that to about 50 kJ but Watt-hours are a useful unit to
use because electricity is typically charged by the kW-hour so this will make comparison
easier. A D battery costs about $1 (you can pay more, but why?) So D batteries cost
about $1/0.015 kwh or $70/kwh.

Residential electricity costs about $0.1/kwh. So the battery is nearly three orders of
magnitude more expensive. It definitely makes sense to use rechargeable batteries — even
though the upfront cost is slightly more expensive you will get it back in a couple
recharges. As for your desk light, or anything that can run on batteries or wall power,
plug it in. If it is 60 Watts, for every hour you pay only 0.6¢ with wall power but run
through $4 in D batteries.

PS04-9



Problem 7: Faraday Cage

Consider two nested, spherical conducting shells. The first has inner radius @ and outer
radius h. The second has inner radius ¢ and outer radius d.

In the following four situations, determine the total charge on each of the faces of the
conducting spheres (inner and outer for each), as well as the electric field and potential
everywhere in space (as a function of distance » from the center of the spherical shells).

In all cases the shells begin uncharged, and a charge is then instantly introduced
somewhere.

(a) Both shells are floating — that is, their net charge will remain fixed. A positive charge
+Q is introduced into the center of the inner spherical shell. Take the zero of
potential to be at infinity.

There is no electric field inside a conductor. Also, the net charge on an isolated conductor
is zero (ie.Q,+0, =0, +0, =0).

Qu :_Q‘ Qh z_Qu :Q? Qt' :_Q' Qh’ :_Qt' = Q

Using the Gauss’s law,

rrsd

5

4re,r”

O,c<r<d @
E(r) = 0 risrae

>

dre,r-

Oa<r<b

SinceV (r) = —]E(r)dr ,
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Q Jgd
dxe,r
Q c<r<d
dre,d
[

V(r)= 0 (-———+—],b<r<c
dns, \r ¢ d
L(l—l+l}a<r<b
dme,\b ¢ d
@) (l 11 I)

———t———+—|r<a
dze,\r a b ¢ d

(b) The inner shell is floating but the outer shell is grounded — that is, it is fixed at V=0
and has whatever charge is necessary on it to maintain this potential. A negative charge —
Q is introduced into the center of the inner spherical shell.

Since the outer shell is now grounded, Q, = 0to maintain £(r) = 0 outside the outer shell.
We have.

Qa:Q’ Qb:—. <r=.—Q‘ Qc:Q‘ Qu'=0
0.r>c
- —r.bh<r<ec
o dre,re
E(r)=
O,a<r<b
£ ~F,r<a
e, r-
(0,r>c
-—gm(l—-}b<r<c
dre,\r c
V(r)= ’
(r) —wg—[l——J,a<r<b
dre,\b ¢
o [l 1 IJ
-———| ———+——=—|,r<a
dre,\r a b c

(c) The inner shell is grounded but the outer shell is floating. A positive charge +Q is
introduced into the center of the inner spherical shell.
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Since the inner shell is grounded and Q, = 0 to maintain E(r) = 0 outside the inner shell.

Since there is no electric field on the outer shell, O, =0, =0.

Qu =_O' Qb :O(' :Qd :O

= 3 =

(0,r>a
E(’.):< Q 2 ]’:,}“((I @
dre,re
O,r>a
V(r) =
dre \r a

(d) Finally, the outer shell is grounded and the inner shell is floating. This time the
positive charge +Q is introduced into the region in between the two shells. In this case
the questions “What is E(r)/V(r)?” are not well defined in some regions of space. In the
regions where these questions can be answered, answer them. In the regions where they
can’t be answered, explain why, and give as much information about the potential as
possible (is it positive or negative, for example).

The electric field within the cavity is zero. If there is any field line that began and ended
on the inner wall, the integrald]ﬁﬁover the closed loop that includes the field line
would not be zero. This is impossible since the electrostatic field is conservative, and
therefore the electric field must be zero inside the cavity. The charge Q between the two
conductors pulls minus charges to the near side on the inner conducting shell and repels

plus charges to the far side of that shell. However, the net charge on the outer surface of
the inner shell (0p) must be zero since it was initially uncharged (floating). Since the

outer shell is grounded, Q, = 0 to maintain £(r) = 0 outside the outer shell. Thus,

Qa :Qh :Qd :0’ Qc-:_Q and E(]')ZO, r<b orr>c

For b<r<c, E(r)is in fact well defined but it is very complicated. The filed lines are
shown in the figure below.
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What can we say about the electric potential? V(r)y=0 for r>c, and
V(r)=constant for r <abut the potential is very complicated defined between the
two shells.
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Problem 8: Capacitance, Work and Energy

Two flat, square metal plates have sides 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

applied to a third uncharged conducting plate of the same thickness s/2 so that it lies

between the other two plates to a depth x, maintaining the same spacing s/4 between its
surface and the surfaces of the other two. You may neglect edge effects.

-Q
/ 4 "’ ’/ 1 L "}

e ,F//L:/ﬂ ‘
2 i ,,"‘,'f' ;",. / _,/"."f i F j/,"f : ’-*(:--/ J‘/j L //_7
7oy el e

. . - = ;

(7777777727277 1/ Awrsa e

L - l ?ﬁrﬁ?ec-l-‘tae yigs

L
e

a) Using the fact that the metals are equipotential surfaces, what are the surface
charge densities o, on the lower plate adjacent to the wide gap and o, on the
lower plate adjacent to the narrow gap?

b) What is the electric field in the wide and narrow gaps? Express your 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 the capacitance of this system?

e) How much energy is stored in the electric field?
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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 AM-

down Kirchhoffs loop rules, recalling that |AV|=Q/C fora J ) l
capacitor and that the charge QO on the capacitor is related to & sp w
current flowing in the circuit by I =+dQ/dr, where the sign T 2

depends on whether the current is flowing into the positively +l'=

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 7 = 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. 172



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: Value =Value, . e
Exponential “Decay” Upwards: Value =Value,,, ( 1-e™" )
Simple RC Time Constant: r=RC;

Summary for Class 15 p. 2/2




Class 15: Qutline
Hour 1:
RC Circuits

Hour 2:
Expt 4: RC Circuits

Exponential Decay

dA 1
Consider function A where: e g A
A decays exponentially: d I
1.0A, - i R ey el
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< 054+
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1t 2¢ 3x 41 5t 6:
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PRS: RC Circuit

An uncharged capacitoris ' %
connected to a battery, resistor A
and switch. The switch is initially -¢|
open but att =0 it is closed. A 0T
very long time after the switch is ' -
closed, the current in the circuit is L $

. _N_e'_érl_yzerq__:'.._
At a maximt

G PEEAEE

PRS: RC Circuit
S £ R : ; ' )
Consider the circuit at right, --—‘/“—-J! WA at ;q@f‘@m b switth C. 105 es L g3 !fr(t(_
with an initially uncharged . "
capacitor and two identical e < o A wi i L :O
resistors. At the instant the o - =
switeh is closed:

T, estil have 5t ~ on t0 )
]

e=TR
T L - &1

~ Charging A Capacitor
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Discharging A Capacitor

 Solution to this equation when switch s closed att = 0:

o

. Q(t) : 'a':éw'z/ -
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PRS: RC Circuit

been closed for a very long

time, it is opened. What e C
happens to the current

S € R
Now, after the switch has —Q/G—i A
i
i

throu__gh the-lower resistor?

0% '_1 It stays the same

Itis cut in half, same dlrectlo
Itis cut in half ﬂlps dlrecnon :

T g

% 7. None of thé above

PRS: Current Thru Capacitor

In the circuit at right the ____;S/Hf_wv_

switchisclosedatf=0. ; -
Att=(longafterythe | _Io. ¢ ( slwe  blaks T oor
current through the 1! —
covgionniibe, |l Y

—\W—

PRS: Current Thru Resistor '

In the circuit at rightthe S 0_1‘5 R

switch is closed at { = 0.
At t = = (long after) the

current through the Iowef - ' it
resrstorw;ii' e: - -
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PRS: Opening Switch in RC Circuit

S R
Now, after the switch has —‘/°—i
been closed for a very long
time, it is opened. What ¥ 9
happens to the current i
through the lower resistor‘? o
; i [ R

. @ It stays the same

3 Itis cut in half, same dlrect:on
4. It :s..cut in half, fhps dlrection

?fﬂ%
za '

Rit2)

L @)O(ﬁﬂe |

. Expérimen{ 4:
RC Circuits

Measuring Current (THRU)
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Measuring Voltage (ACROSS)

RED <V} BLK ~

 Expt. 4, Part I: RC Circuits

*» Download and run Lab 4

» Build an RC circuit: Battery

« Measure current
thru and voltage

across capac:tor

PRS: Voltage/Current in RC

Starting from a point in time where the voltage
across the battery (V) & across the capacitor

(V) as well as the current (1) are all zero, what

happens when the battery is ‘turned on’?

- @ 1jumps up then decays as Vg ises

CU//M‘J» cqA L)Jm]ﬂ

Class 15 QHQQQ on qu‘(wﬁ}/‘ (/chs 5}/400%



Expt. 4, part lI: RC Circuits

+ Same RC circuit Battery

+ Determine the resistance ’ I .

* Measure the time constant / °S i
to de_tgrmine the :'\C apscitor
capacitance \

« You have a 2" identical
resistor. Where do you put it
to make the TC as SHORT
as possmle? .

R

RC Circuit

! Readings on Voltmeter
M —Resistor (c-a)

t=0%: Capacitor is uncharged SO resistor sees full
battery polential and cument 13 !argest

e

Measuring Time Constant

How do you measure t7?

1) a) Pick a point
b) Find pointwith
~ “value’downbye
c) Time difference is =

2)

Plo( semi-log and it

Class 15
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Department of Physics
8.02

Experiment 4: RC Circuits
OBJECTIVES

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 ¥ across them proportional to the
amount of charge O that they have stored: V= Q/C. The constant of proportionality C is
the capacitance (in Farads = Coulombs/Volt), and determines how easily the capacitor
can store charge. Typical circuit capacitors range from picofarads (1 pF = 107 F) to
millifarads (1 mF = 107 F). In this lab we will use microfarad capacitors (1 uF = 10 F).

RC Circuits

Consider the circuit shown in Figure 1. The capacitor (initially uncharged) is connected
to a voltage source of constant emf £ . At =0, the switch S is closed.

Resistor R

@ W ©® AMA

—-q
f
+g 1

J

Switch

m

Battery
Figure 1 (a) RC circuit (b) Circuit diagram for > 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 (Fz = IR). 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) ' Q=Ce ®) | 2R

Qcapaa'!or' VCapadk:r
Resistor’

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 i eon sy i ; =
@) ® =V, e =R Q= Ce
p o
C— R ] o
+q @
S Jo3es v, \
o S . Lo Time

Figure 3 Once (a) the bé.ttery 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 t is how long it takes for a value to drop by e (~2.7).

E08-2



The Details: Measuring the Time Constant t

In this lab you will be faced with an exponentially decaying current / = /, exp(-#/7) from
which you will want to extract @x\ve will do this in two different ways,
using the “two-point method” or the “logarithmic method,” depicted in Fig. 7.

(a)] (b) 4

Current
In(Current)

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 (t1,11) and (tz, I2).
Because the current obeys an exponential decay, / = Iy exp(-#/7), we can extract the time
constant T most easily by picking I, such that I, = I;/e. 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, T =1t — ;.

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:

rise In(7(,))-In(1(s) (1,
Bty 1)

m= =
run t,—t, t,—

ot In Ioei‘:j: D! ln(eﬁ(’z“")/f)z 1 (1) 1
L— \Ie” b~ L—4 T T

That is, from the slope (which the software can calculate for you) you can obtain the time
constant: 7=-1/m.

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
turn on and off, whose voltage we can change and whose current we can measure.

2. AC/DC 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.

Figure 8 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.

(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. 10a) have
color bands that indicate their value, capacitors (Fig. 10b) are typically stamped with a
numerical value.

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. In 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

EXPERIMENTAL SETUP

5t Crom T

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. 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 of the circuit board (red to the sin wave marked output, black to ground).

MEASUREMENTS

Part 1: Measuring Voltage and Current in an RC Circuit

1. 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 V" and the current sourced by the battery /
(Press the green “Go” button above the graph). During this time the battery will
switch between putting out 1 Volt and 0 Volts.

Question 1:

Leg (] M Vare
What is the resistance of the resistor? Using the two-point method, what is ﬁ'le 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?

(/" *l R Q- Y ‘M , 1 C“,??ﬂ mS

T 10 R sl
e ¥ '.H'!E ('fr’jﬁ

I - IO T ( '//-"V) Jl”v’ lj Mg 7

Using the logarithmic-method, what is the time constant of thlS circuit? Usmg thlS tlme
constant, what is the capacitance of the ca J&Cltorq J '
. ! | -~ '\_ 3

[ Be in e made (4 4)
2.%8¢ ' Curve &-—\(ﬁ,fj’,@/@/

'Question 2: E_Z_%’/P_F j: : -q (é)
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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 ¥ and the current sourced by the battery /
(Press the green “Go” button above the graph). During this time the battery will
switch between putting gut 1 Volt and 0 Volts.

1A 4§

~— - Vi iay
Question 3:  harges )i
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 3 ,
7 /V(J, ; DI u {.7 dff ' v

":4“ s ’f‘\ Qu (L vy

v R e Ot : L
\1\. I O ms '[,: Mo I [otning

{Yf | . 3la.
] (FItes
¥

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

o What happens if we instead put the second resistor in series with the capacitor?

e 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)?

-V capiaafor Al iy lausked
—St/mp'{ i; /‘ZL
~ omplex  nywd J.fFeamtial Caplatn,
- s B G dage o bl v

- curceat can” Jump [ dbardans)
< Vo Hﬂgﬂ (gné}omf‘
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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 of RC 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 AAA

down Kirchhoff’s loop rules, recalling that |A¥V |= Q/C fora

l
capacitor and that the charge Q on the capacitor is related to ¢ ’
current flowing in the circuit by I =+d(Q/dt, where the sign &
depends on whether the current is flowing into the positively +f =
charged plate (+) or the negatively charged plate (-). The solution to
this differ‘ential equgtio.n.s.hows that thfz current dec'reases lbasa DR
exponentially from its initial value while the potential on the Ju'n{mm._, R
capacitor grows exponentially to its final value. The rate at which /
this change happens is dictated by the “time constant” t, which for 777 :
this circuit is given by 7= 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 LN

determine which of the two plots at right will follow just by thinking “ﬁecM
Important Equations | |
Exponential Decay: Value = Value, e ) (lu g Q \ (c g
Exponential “Decay” Upwards: Value =Value,,, ( 1-e™* )

Simple RC Time Constant: =R

Summary for Class 16 p. 1/1
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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 replaced with
an inductor. _‘ p

hat (L C

2. To calculate the time dependent currents in such circuits A :

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.

dade Figure 1: RC Circuit

R? An RC circuit consists of two
resistors, R, and Ry, a capacitor
e’ , —C B, C, abattery ¢, and a switch. The
e switch has been open for a very
long time before it is closed at

\ time t=0.

Write your answer to this and all following questions on the tear-sheet at the end!

What is/are...
Question 1: the current Ic (through the capacitor) at t=0" (just after switch is closed)?

L= +f -1 “(y=0
)
T oy
L= tX%
Solving 5-1



Question 2: the currents I; and I (through R, and R, respectively) at t=0"?

I T =

Question 3: the current I¢ (through the capacitor) at t=c0? [/ { .: nevd 1 aficd i ¥a
( r'—;._
(f J £ = o
‘/ "'-'.3(‘\\:
Question 4: the currents I; and I, (through R, and R, respectively) at t=c0? b i ; 1; (e
I — V -
- = = - - b/
I(LC 6 li e %ﬁ 2\‘CWw‘

7

Ve Wﬂvr-/ a live bo‘f

Y“”J 7 ffé/.h

lﬁ7®
bt

Cafucstes
dedd b

Question 5: Using Kirchhoff’s Loop Rules, obtain a differential equation for the ¢ arge ¢
on the capacitor, assuming R;=R,=R (in other words, the only current in the equation
should be the current through the capacitor, which can be rewritten in terms of dg/dt).

BT R Y e
Sl S O A A P

% - W‘: o g) ‘ZQ " @ & 1 ,Q
- R R Vs

Question 6: What is the time constant for charging the capacitor?

j . \ = K (

effeaf of O 2

b

Question 7: Write an équation for the time dependence of the charge on the capacitor

@ e | HT/ v
7 l - e / ' Solving 5-2
«
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After a long time 7 the switch is opened. i
What is/are...
Question 8: the current Ic (through the capacitor) at t=T" (just after switch is opened)?

Tedl(-%
Question 9: the currents I, and I, (through R, and R, respectively) at =T"?

T‘l = () Lq - L C :'J‘.I_ = /

Question 10: Using Kirchhoff’s Loop Rules, obtain a differential equation for the charge

g on the capacitor after the switch has been opened, assuming R;=R,=R (in other words,

the only current in the equation should be the current through the capacitor, which can be
V=@ rewritten in terms of dg/dt).

[ =dd \/(. - [‘:--7 = O

Q d(
£ g heEy
9 _ dW
AT
' nC

Question 11: What is the time constant for discharging the capacitor?

jR\‘k \_l_,— I
\ ix {

ofl | F = "N
(.(m\ ‘: ‘ﬂf‘ K% 1;’ U —
Question 12: Write an equation for the time dependence of the charge on the capacitor
after time T. ’
Q1) = Qi [V 0™
,H'-wg,ri*c /
(f F 4 <

7! f{f Solving 5-3
/4 vf: L (osislprs V«L’Pﬂ T i Chocdiag N
- J f 7



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

«— b &« 12
— AV ANAA—

(a) From Kirchoff’s first rule, what is the relation between i;, i, and i3?

(b) What does the loop theorem (Kirchhoff's 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 (Kirchhoff's 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, ¢ >> RC, what is the current i;?

(e) After a very long time, 7 >> RC, what are the currents i; and i;?

(f) After a very long time, t >> RC, what is the voltage across the capacitor in terms of

the quantities given? (Hint: use your results from part (b)-(e)).

Solving 5-4
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Department of Physics

8.02

Due: Tuesday, March 16 at 9 pm.

Spring 2010

Problem Set 6

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

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

Week Six DC Circuits
Class 14 W06D1 M/T Mar 8/9

Reading:
Experiment:

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

Experiment:

Class 16 W06D3 F Mar 12
Reading:

Week Seven Magnetic Fields
Class 17 WO7D1 M/T Mar 15/16
Reading:

Experiment:

Class 18 W07D2 W/R Mar 17/18
Reading:

Experiment:

Class 19 W07D3 F Mar 19

Force
Reading:

Expt. 3 Building a Circuit with Resistors, DC
Circuits & Kirchhoff’s Loop Rules;

Course Notes: Sections 7.1-7.5, 7.8-7.9

Expt. 3 Building a Circuit with Resistors

RC Circuits; Expt. 4: RC Circuits
Course Notes: Sections 7.5 - 7.6
Expt. 4: RC Circuits

PS05: RC Circuits
Course Notes: Sections 7.1 — 7.6, 7.8-7.9

Magnetic Fields: Magnetic Forces, Expt. 5: Bar
Magnet

Course Notes: Chapter 8.1-8.3, 8.5-8.6, 8.8-8.9, 9.5
Expt. 5: Bar Magnet

Creating Fields: Biot-Savart Law, Currents &
Dipoles; Expt. 6: Torque on Dipole

Course Notes: Sections 8.3-8.4, 9.1-9.2, 9.10.1,
9.11.1-9.11.4

Expt. 6: Torque on Dipole

PS06: Calculating Magnetic Fields and Magnetic

Course Notes: Sections 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 W09D1 M/T 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 | 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 April 1 7:30 pm —9:30 pm

W09D3 F Apr 2 No class day after exam

PS06-2



Problem 1: Four Resistors

=
e
~

Four resistors are connected to a battery as shown in the

figure. The current in the battery is /, the battery emf is €, and

the resistor values are R) = R, R, = 2R, Ry =4R, Ry = 3R. B s B
v =

W

(a) Rank the resistors according to the potential difference <n
across them, from largest to smallest. Note any cases of equal <
potential differences.

(b) Determine the potential difference across each resistor in ]T

terms of €. Rﬁ,\; R

(c) Rank the resistors according to the current in them, from largest to smallest. Note any
cases of equal currents.

(d) Determine the current in each resistor in terms of /.
(e) If R is increased, what happens to the current in each of the resistors?

(f) In the limit that Ry — o, what are the new values of the current in each resistor in
terms of 7, the original current in the battery?

Problem 2 Multi-loop Circuit
In the circuit below, you can neglect the internal resistance of all batteries.
(a) Calculate the current through each battery

(b) Calculate the power delivered or used (specify which case) by each battery

——— MWW U

1O 10

2Q = |

— =

PS06-3



Problem 3: RC Circuit

In the circuit 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 point it is closed again. Write
an equation for (a) the voltage drop across the 100 kQ resistor and (b) the charge stored
on the capacitor as a function of time.

ML kQ

M

L —
L7

sl [ XVRY —_ThouF

s

Wy

0t k€2
Problem 4: Energy stored in a capacitor

You know that the power supplied by a battery is given by P = VI (the battery voltage
times the current it is supplying). You also know that a resistor dissipates power (turns it
into heat) at a rate given by P = I'R.

Consider a simple RC circuit (battery, resistor R, capacitor C). Determine an expression
for the energy stored in the capacitor by integrating the difference between the power
supplied by the battery and that consumed by the resistor. Should the energy be related to
the current through the capacitor or the potential across it?

Problem 5: Capacitors —

In the circuit shown at right C, = 2.0 uF, C2 = 6.0 uF, ‘
C3=3.0 uF and AV =10.0V . Initially all capacitors “—1— % 3
are uncharged and the switches are open. At time
1 =0 switch S; is closed. At time ¢ = T switch S is
then opened, proceeded nearly immediately by the
closing of S;. Finally at 1 = 2T switch S; is opened, N g
proceeded nearly immediately by the closing of S..

Calculate the following:

(a) the charge on C; for 0 < ¢ < T (after S, is closed)
(b) the charge on C) for T'<t <2T

(c) the final charge on each capacitor (for r > 27)

PS06-4



Problem 6: RC Circuit

Consider the RC circuit shown in the figure. Suppose that the switch has been closed for
a length of time sufficiently long enough for the capacitor to be fully charged.

Ry=12.0 kQ

9.00 V
T Ry=15.0kQ §

]

10.0 UF —

Ry=3.00 kQ §

(a) Find the steady-state current in each resistor.

(b) The switch is opened at 1+ = 0. Write an equation for the current /, in R,as a

function of time.

(c) Find the time that it takes for the charge on the capacitor to fall to 1/e of its initial

value.

Problem 7: Experiment 5: Magnetic Fields of a Bar Magnet and Helmholtz Coil

Pre-Lab Questions

Read Experiment 5 before answering these questions

magnet 1

Consider two bar magnets placed at right
angles to each other, as pictured at lefi.

(a) If a small compass is placed at point P,
what direction does the painted end of the
compass needle point?

(b) If the compass needle instead pointed 15
degrees clockwise of where you predicted in
(a), what could you gqualitatively conclude
about the relative strengths of the two magnets?

PS06-5
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Department of Physics
8.02 Spring 2010

Problem Set 6 Solutions

Problem 1: Four Resistors

Four resistors are connected to a battery as shown in the ;\M

figure. The current in the battery is /, the battery emf'is £, and
the resistor values are Ry = R, R, = 2R, R3;=4R, Ry =3R. y

(a) Rank the resistors according to the potential difference
across them, from largest to smallest. Note any cases of equal
potential differences.

Resistors 2 and 3 can be combined (in series) to give [T

Ry, =R, +R,=2R+4R=06R. R, is in parallel with R, and

the equivalent resistance R,;, is

__RuR _(6RGR) _,,
Ry+R, 6R+3R

234

Since R,;, isin series with R, the equivalent resistance of the whole circuit is
R
the resistance, so R, gets 1/3 of the battery voltage (AV, =&/3) and R,,, gets 2/3 of the

=R +R,;; = R+2R=3R. In series, potential difference is shared in proportion to

1234

battery voltage (AV,;, =2&/3). This is the potential difference across R, (AV, =2¢&/3),
but R, and R, must share this voltage: 1/3 goesto R, (AV, =(1/3)(2¢/3)=2&/9) and
2/3 to R, (AV; =(2/3)(2¢/3)=4&/9) . The ranking by potential difference is

Al 7 AV 50K = Al

(b) Determine the potential difference across each resistor in terms of €.

As shown from the reasoning above, the potential differences are

(c) Rank the resistors according to the current in them, from largest to smallest. Note any
cases of equal currents.

p. 1 of 10



All the current goes through R,, so it gets the most (/, = /). The current then splits at the
parallel combination. R, gets more than half, because the resistance in that branch is less
than in the other branch. R, and R; have equal currents because they are in series. The

ranking by currentis /, > 1, > 1, = I,.
(d) Determine the current in each resistor in terms of /.

R, has a current of /. Because the resistance of R, and R, in series
(Ry; =R, + R, =2R+4R=06R) is twice that of R, =3R, twice as much current goes
through R, as through R, and R;. The current through the resistors are
1 2F
l,=—

]|:]7 f2:13=§, 4 3

(e) If Rs is increased, what happens to the current in each of the resistors?

Since

RESRJ =R + (‘RZ + RB)Rd
R +R, ' R +R+R,
increasing R, increases the equivalent resistance of the entire circuit. The current in the

Ry =R + Ry =R +

circuit, which is the current through R,, decreases. This decreases the potential difference
across R,, increasing the potential difference across the parallel combination. With a
larger potential difference the current through R, is increased. With more current going

through R, , and less in the circuit to start with, the current through R, and R, must
decrease. Thus,

I, increases and [, 1,, and /; decrease

(f) In the limit that R3 — oo, what are the new values of the current in each resistor in
terms of /, the original current in the battery?

If R, has an infinite resistance, it blocks any current from passing through that branch
and the circuit effectively is just R, and R, in series with the battery. The circuit now has
an equivalent resistance of R, = R, + R, = R+3R=4R. The current in the circuit drops

to 3/4 of the original current because the resistance has increased by 4/3. All this current
passes through R, and R,, and none passes through R, and R,. Therefore,

Bt L,=1,=0, [4:34_1
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Problem 2 Multiloop Circuit
In the circuit below, you can neglect the internal resistance of all batteries.
(a) Calculate the current through each battery

(b) Calculate the power delivered or used (specify which case) by each battery

E— MV

10 1Q
6=4V

———— §=2V

Solution:
(a) Calculate the current through each battery.

We begin by choosing currents in every branch and travel directions in the two loops as
shown below.

WA AN :
10 10 !
=
2 0 —————
L . 4 v 5' = 4 ’V’
§=2V # 3 P
- { i \
== \\\‘ i \-“‘-5 —
g
—
| 5,=4V
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Current conservation is given by the condition that the current into a junction of branches
is equal to the current that leaves that junction:

I, =1,+1,.
The two loop laws for the voltage differences are:
2V-(I)AQ)-(L,)(2Q) -4V =0.
~(1)(1Q)+4V+4VHI)(2Q)=0.

Strategy: Solve the first loop law for 7, in terms of /,. Solve the second loop law for /;
in terms of /,. Then substitute these results into the current conservation and solve for 7,.

Then determine /, and /.

The first loop law becomes
I, ==2A-21,.
The second loop law becomes
I, =8 A+2L,.
Current conservation becomes
-2A-2I,=1,+8 A+2l,.
Solve for /,:
I,==2A.

Note that the negative sign means the /, is flowing in a direction opposite the direction
indicated by the arrow. This means that battery 2 is supplying current.

Solve for /;:

[, =-2A-2(-2A)=2A
Solve for /;:

I, =8 A+2(-2A)=4A.

(b) Calculate the power delivered or used (specify which case) by each battery.
The power delivered by battery 1is A =(£)/)=(2V)2A)=4W.
The power delivered by battery 2 is P, =(&,)(/,)=(4 V)(2A)=8 W.
The power delivered by battery 3 is P, =(&,)(/;)=(4 V)4 A)=16 W.

The total power delivered by the batteries is 28 W

p-4of 10



Check: The power delivered to the resistors:

The power delivered to resistor 1 (in left branch) 2, = (/) (R) =2 A}’ (1Q)=4 W .
The powér delivered to resistor 2 (in center branch) P, = (I,’)}(R,) =(2 A’ (2Q)=8 W.
The power delivered to resistor 3 (in right branch) P, = (,*)(R,)=(4 AP’ (1 Q)=16 W .
The total power delivered to the resistors is also 28 W .

Problem 3: RC Circuit

In the circuit 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 point it is closed again. Write
an equation for (a) the charge stored on the capacitor and (b) the current through the
switch as a function of time.

SIIRIER S

"“w‘ A W ‘\\.

- 1.6 e F

] Wi

1y ka2

(a) The capacitor begins uncharged. When the switch is opened at t=0 we have an RC
circuit with R = 150 kQ and C = 10.0 pF, so 1= RC = 1.50 s. The final voltage (after an
infinite time) on the capacitor will be the battery voltage (10.0V) so we can write the
equation for voltage on the capacitor during charging as:

V=V (l—e""") =10.0 V(1-¢™/"* -‘) [for1<T]

During discharge the capacitor starts at its value at 7 = T'(which we can get with the
equation above) and then drives through the 100 k€2 resistor and the switch. The time
constant is thus now only 1.00 s. So the voltage goes like:

Ve =Voe UV 210.0 v (1771505 ) 08 [for s> 7]

Of course, we were asked for charge, not voltage, for which we use 0=cCr .

(b) When the switch is open (between t =0 and T) there is no current through it. When it
is closed, however, current flows both from the battery AND from the capacitor, both in
the same direction (from top to bottom). So they add. The battery just drives a current
by ohm’s law through the 50.0 kQ resistor. The capacitor current we can get from the
above voltage and the 100 kQ resistor. So add them and we have:
= 10,0V (] _ g0 s)e—{r—lf'),“-m 13, 10,0V [
100 kQ 50 kQ
Note that we could replace V/kQ with mA, but there is no particular need to do so.

for > T]
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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 voltage
times the current it is supplying). You also know (from the Friday problem solving) that
a resistor dissipates power (turns it into heat) at a rate given by P = I’R.

Consider a simple RC circuit (battery, resistor R, capacitor C). Determine an expression
for the energy stored in the capacitor by integrating the difference between the power
supplied by the battery and that consumed by the resistor. Should the energy be related to
the current through the capacitor or the potential across it?

We know that the current that flows in the circuit decays exponentially:
P gt = B griRe
0 2 7

We can integrate the power supplied by the battery minus the power consumed by the
resistor then to get:

i t 2
Ue= [ Py(t)= P (1')dr'= j% o-/RC . ._(%g"'/"’f) Rdr'
t'=0 '=(
2 1« t 2 "
_E J’ et o201 gy _5_ gt 3. B zg_i[e—z."/r _28—."/r]
R o R s R 2 0.

—_—

v

=—cg [e -’f’f—2e"f’+|}=;1C[g(1—e"/f)f=;

That is, the energy stored in the capacitor depends on the voltage across the capacitor
(which makes sense, as that is a feature of the capacitor, while the current through it
depends more on what resistor it happens to be hooked to).

p. 6 0of 10



Problem 5: Capacitors

In the circuit shown at right C; =2.0 uF, C;=6.0 uF, .

C3=3.0 uF and AV =10.0V. Initially all capacitors - {n by
are uncharged and the switches are open. At time
t =0 switch Sy is closed. At time 1 = T switch S, is
then opened, proceeded nearly immediately by the L /
closing of S;. Finally at =27 switch S, is opened, - - B ‘ S
proceeded nearly immediately by the closing of S».

Calculate the following:

(a) the charge on C; for 0 < ¢ < T (after S, is closed)

As long as S| is open the battery is out of the circuit and hence none of the capacitors
will have any charge on them.

(b) the charge on C) for T'<t <2T
When S, is closed, the battery is in series with C'y and C',. The charge on them will thus
be equal, and equal to the charge that an equivalent capacitor would have.

-1
Ct.'rn' :(C"I_i +C1_|)“I = : T I =1.5 I.LF
: : 2.0uF  6.0pF

O, (T <1 <2T) =0y = CoprisAV oy = (1L5pFY(10.0 V) =

(c) the final charge on each capacitor (for t > 27)
When S is opened, the battery and C are removed from the circuit. This means that the

charge on C1 is fixed at the value it was at, [{O, =15 nC|.

The charge on C> will be shared with Cs, so that their potentials will be the same (since
they are now in parallel). So:

h=0,/C,=V;=0,/C; G +0,=0,(1=2T")

(=27 )-0,
%z%:Q—(’ c,) ‘:>Q2C3=C2(~2(122T_)-Qz):>

3

_CO,(1=2T") 6.0 pF-15C
? C,+C, 6.0 PF+3.0 pF

10 uC=0,|={0, =5 uC|
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Problem 6: RC Circuit

Consider the RC circuit shown in the figure. Suppose that the switch has been closed for
a length of time sufficiently long enough for the capacitor to be fully charged.

) _ . . x
R=12.0 kG2 (a) Find the steady-state current in each resistor.

AUt Since the capacitor represents an open circuit,
ok TG § there is no cu.rrent through Rs. Therefore, all the

) charges flowing through R, goes through R5:
hence /; =1, and /5= 0. Now, all you need to do
is to find a current flowing through the two
resistors in series.

R3=3.00 k2

AWy

E £ 9.00V

= = - =0.333mA =3.33x107"'A
R, R +R, 12.0kQ+15.0kQ

(b) Find the charge O on the capacitor.

At equilibrium, the capacitor is fully charged and AV, is equal to the voltage drop across
Ry since there is no current through R; (and therefore the voltage drop across it is zero).

B et B0 i iy

AVep= LR, = £ -
R +R 12.0kQ+15.0kQ

Thus, the charge on the capacitor is given by
Q= CAVgp= Ce= (10.0uF)(5.00V) = 50.00C =5.00x107°C

(¢) The switch is opened at 1 = 0. Write an equation for the current 7, in R, as a function
of time.

With the switch opened, the capacitor discharges through the resistors, R, and Rs. There
is no emf in the circuit. You also need to notice R, is no longer a part of the closed circuit
and there is no current through it. Now, you should follow the discussion in Section 7.6.2
of the Course Notes with R = Ro3 =R, + Ry and/ = I, = —L;. You’ll then obtain

q(!) = Qe—llﬂl,('
and

- car. e R
1,“):_@1= Q e—r-.’(’l-,( Y e {?_L{R:'HQ) :0.2786—I.I5f)ms ml]|lampS
2 (R, +R,)C
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(d) Find the time that it takes for the charge on the capacitor to fall to 1/e of its initial
value.

L) 02787 Mmoo
1,(0) - 0.278¢~0/180ms = o

Thus,
—t
180 ms

=—1 or t= 180 ms

which is called “time constant (7).
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Problem 7: Experiment 4: Magnetic Fields of a Bar Magnet and Helmholtz Coil
Pre-Lab Questions

Read Experiment 5 before answering these questions

Consider two bar magnets placed at right
N gt angles to each other, as pictured at left.

(a) If a small compass is placed at point P,
what direction does the painted end of the
compass needle point?

It points away from each magnetic North,
which means toward the upper left corner (45
degrees if they are the same magnitude).

(b) If the compass needle instead pointed 15 degrees clockwise of where you predicted in
(a), what could you qualitatively conclude about the relative strengths of the two
magnets?

In order for it to point 15 degrees clockwise 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° :£=L:> B, =\/§B,
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