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Physics 8.02 Equation Sheet Exam One 

Please Remove this Tear Sheet from Your Exam 

E
- q,. q-

= r= r 
41l'Eor2 47l'Eor3 

,. r ti b r = - points rom source q to 0 server 
r 

N E ~ q; (--) 
many point charges = L..J 4 1_ _13 r - r; 

;=1 7l'Eo r - r; 

E(r) =_1_ J dq f 
41l'E 1- _'12 

o source r - r 

Fq = q it source 

<# it.dA = Qenc 
closed Eo 
surface 

dA points from inside to outside 

4 it·di =0 
closed 
path 

b_ 

8 V = V. - V = - JE . di moving from a to b b a 
a 

8U=q8V 

VCr) =_1_ J 1_ dq
_

1 

; V(ao) = 0 
47l'E r -r' o source 

q.q. 
u= L '_1 _ ;U(ao)=O 

a/l pairs 47l'E Ir. -r·1 
0' 1 

E = - a V for spherical symmetry, 
r ar 

E =_av E =_av E =_av 
x ax .v By :: az 

1 Q2 
U=-C8V 2 =-

2 2C 

Circumferences, Areas, Volumes: 

1) The area of a circle of radius r is 
7l'r2 

I ts circumference is 21l'r 

2) The surface area of a sphere of 

radius r is 47l'r2. Its volume is 

(4/3)7l' r 3 

3) The area of the sides of a cylinder 
of radius r and height h is 27l'rh. 

Its volume is 1l'r2 h 

Integrals that may be useful 

b 

Jdr=b-a 
a 

jdr = In(b/ a) 
a r 

bl (1.1\ 
J-dr=l---) 
ar2 a b 

Some potentially useful numbers 
1 Nm2 

k =--=9xI09
--

e 47l'Eo C2 

1 

, . 
,r" 

-./ 



8.02 Exam One Spring 2008 

I I I I I I I I I I I I I I I I I 
F AMIL Y (last) NAME 

I I I I I I I I I I I I I I I I I 
GIVEN (first) NAME 

I I II [[] I I I I I 
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Your Section: 
L01 MW9 am 
L05TR9 am 

L02 MW 11 am __ L03 MW 1 pm 
L06 TR 11 am __ L07 TR 1 pm 

Your Group (e.g. lOA): ____ _ 

Score 

Section I (25 points) 

Problem 1 (25 points) 

Problem 2 (25 points) 

Problem 3 (25 points) 
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__ L04MW3pm 
__ LOSTR3pm 

Grader 
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SECTION I 

In this scc tion you are asked to answcr 5 qucstions, cach wonh 5 poi nts. You do not have 
to show your work ; in most cascs you may simply c ircle the choscn answer. 

Question 1 (5 points): 

Considcr the holl ow conductor show n in thc fi gure whi ch has zero net charge. As shown, 
an objec t with charge +Q is placed insidc the nelltral. ho llow, sp'herical conductor. e-- /l C dt.dJ 
Indicate the direction of th e elec tri c fi cld that arises after stati c equilibrium has been 0 M 'J 
achi eved by sketching several representati ve fi e ld lines everywhere in space as needed. 0" ref/J J-~ f 

E 

I I 

( ~r l' !'lj 

to Ovt-v-- r ;~!1 

4 



Question 2 (5 points): 

Consider the two charges +2Q and -Q , and a mathemati ca l spherical surface (it does 

not phys ically ex ist) as shown in the fi gure below. 

-/ ~ 
/ "-

I \ 
I \ 

• I I • 
+2Q \ / -Q \ / 

"'- / 
'- ./ 

The electri c flu x on the spheri ca l surface between the charges is ... 

a) pos itive. 

lI et-
b) negative. 

V ero
. flO tn'(11 g ; r!~i ~e 

d) undetermined by the information given. 

5 



Question 3 (5 points): 

A positive charge +Q is movcd by an 

external agent from infinity to a point 
midway between two charges + 3q and -q 

that are separated by a d is tance d. The 
positi ve chargc +Q begins and ends at 

rest. The work don e by thc external agcnt 
IS 

~ero 

b) + kJ/Q . 
d 

f) 

_ k,.qQ 

d 

+ 3k,qQ. 
d 

j) none of the above. 

Q 

o 
+3q 

p 

d 

ill -, 
d, 
1-

lioh 0/C 

t (" (l~ - l 1\ 

o 

o 
-q 

~ l{ ~qQ ~ 

J-/1 l 

cl ----Z-

6 



Question 4 (5 points): 

The circle is at +5 ' . ative to thc plate. Which of the below are the most accurate 
contours for th eqLf1 potentJa (equipotential map)? 

c 

(' 
I So 



Question 5 (5 points): 

A pm-aile! plate capacitor has plates with equal and oppos ite charges ±Q , separated by a 

distance d, and is connected to a battery_ The plates are pulled apart to a distance 
D > d _ What happens to the magni tudes of the elec tric fi eld E in the gap and the 
charge Q? 

1 1 A 1+ + + + + + + + + +1 
' Q 

t>V 

1 I , 1+ + + + + + + + + +1 

-Q 1 '------1- - - - --.------- -----'- - I 

J»d 

(a) E increases, Q increases. 

(b) E stays the same, Q increases. Sk{P 
(c) E decreases, Q increases. V'to f- 4-1\ leu~ 
(d) E increases, Q stays the same. 

(e) E stays the same, Q stays the same. 

(f) E decreases, Q stays the same. 

(g) E increases, Q decreases. 

(h) E stays the same, Q decreases. 

(i) E decreases, Q decreases. 

8 



~ d -

SECTION II In this section you are asked to so lve three problems. Please be carefu l 
to show your work, and remember to include units where appropriate. 

Problem I (25 points) 

The graph below shows the variati on of an electric potential VCr) with radial distance r 

with choice V(oo) = O. The potentia l is described by the function 

- I 
." 

VCr) 
[volts] 

1 .• 

" 
I 

" 
_:_L 

I 

,. '-' 

-

,-

I , 
I I 
I I 
I " I I 
I " , , 

,,< 

,. [/TIl 

VCr) = 

'2 •• I 

(3 V)(L ~); 0 m " r < 1.0 m 
5 2 m-

(3 V .m) (~ --I_) ; 1.0 OJ < r < 2.0 m 
r 10 m 

(% V } 2.0m <r < 2.5 m 

1 
(3 V· m) -; r > 2.5 m 

r 

a) Give the electric fi eld vector E for each of the four regions in (i) to (iv) below? 

(i) 0 m ~ r < 1.0 III 

Q{Oc d,(~,,{ 

f=- "'- tt v 
cli 

_Ioo~ 

G rg 
~ ~ I Cr --

to/ <?tvla. ( a" d /({.(/;('A t((l/~{ 

- Ie ~ Xe (t t 
~ '3 ( ~- _z r ) 2"1 

~3 (~ - r ) 
> ;mp/: (-

10 

/l(Jl'r/./ 

re"<!'1 ~ 

If'>! :: j ~ 
l' 

f'~9~ ~ 
vt'i t,) 



/ 
[. O:ffw e,,;J-t/ I ( S' ,A" I /-or}'/ 17 fp /"1 

(iii) 2.0 m < r < 2.5 m 

Ld'~ S~e.. :f f11;~ 90fS -J{t { ; ) -~ 'b ((' z))) 

d.. , 
,j,X ~ V 

(iv) r > 2.5 m 

~ (] V.fY] ..Lr 
=' ~ t 

~3sL..L 
. tP' r 

.jf ] '" J: {ffll!. If i-e J-:::-O 
.1 J.. (2) 
2 el f' ([ 

--= 3/' 
50 fIt-tJ h 

t /I' hv.i 

b) On the axes below, sketch the magni tude of the radial component of the e lectric 
fi eld, E" as a function of r. Make surc you label the axes to indicate the 

numeri c magnitude ofthc fi e ld . 

5 

0.0 0.5 1.0 1.5 2.0 2.5 

Po'!l\ tion r (m) 
1 

i 

tr/ f '1C]l-:J 
~ ~ JOt1 

ff 

4.0 

off I 
- 2-r 

( 

1"1 

fo , reef/ 
1 I 



c) Qualitatively describe the distributi on of charges that gives rise to thi s potential 
landscape and hence the electric fields you calculated. That is, where are the charges, 
what s ign are they, what shape are they (so lid , shell ... )? 

l 0 

(- 1- ::: splrtre , 

I ~O'1 If ho,", v~1 tIL 90f (~ 

6h 
<l\ ctt Joe.> ~ t eHet \ (f"~htj 

E..:- C; ~\'P co1 dvdOr 

K. )8 .Q, bul fa t1t vv~ l ~ ~k l { 
I s Q v ell 17 d'ls, /-!' ; L+e (l 

~ I 

~t) \ ~ ~ ~ou\ 
\ 

II' 

12 



Problem 2 (25 points) 

Two charges +Q and - Q li e a long the x
ax is and arc separated by a di stance 2d. 

d 

y 

d b 
t ~ ~~I 

~ \ 1)-1 } ~'''~ 
CJ "ttl! U tn'IS ;> ~I-

(a) Ca lculate the tot I electric field it at pos i tion~a distance {{ fro m the x-axi . 
Indicate its dire ion on the sketch (draw an arrow) 

-.:> \ f f - (1,\ 

e 
k - Q Cl!U- ,-0 

t '(b-J) 'l-- J (('JJ7r?-
CJh r Se.e. 

,'(1 flJ(l~/c(hY 

B 

x 



'\h~) ~f ('lcd,, ',), ~ fY/Wt' (9Y1(v.sf d; 
~IN~I\ 1 I'IQver lk~r J'df a"~ t'\ IP l- ql"l.f n'lJ ~"!J ',f 

Lo'~ O~I 

~,l'in 

n il: V ' 

-59 g pqJ Cp., fvbeL M '/ \J~ 'e.. CrA' ,5pclk/ hr ro f \ X 
Now, assuming that the electri c po tential is defined to b e zero at in fi nity, 

(c) Find the electric potential Vat position A. 

J~ 
f ~ k.~ ;~{'6'lk 

vi rc-vr,t ~o 

(d) F ind the electri c potenti al Vat position B . 
J ~ ~ ye~l 

. 

(e) A negative ly charged dust pa rticle with mass III and chargeE:V is released fro m res t 

at po int B. In what direction \~ill it accelerate (c ircle the correct answer)? 

c;f3 h; 1/ ~ h W'f'l po ~e41 :4-/-
LEFT ~T UP DOWN It Won' t Accelerate g 

~+~Lcl.L-t1----4 ~ d:~k.r Frs (j /~' 
(I) Again , assuming the negatively charged dust partic le was released fro m rest, what '1 lMlS 

will its speed be after it has traveled a di stance s from its ori ginal position at oint B? -t/1Hl.. ~"5 "'" /tfi--
HINT: Don' t try to si@f lify any fractions "".ro",? -bJ 

F ==- M ~ -=- ct F loaff(~J M 
k (l~hf 

v>r f7e e /,N: f/ 

lepe ll ~ c\ 
/ ' V 

vi I~ QIJoIp ~ 
C{"" J/--- ~ (0'1,,, I 

Q~ t...f{J ~id .: ~ ,~ 
yo...-- A" 

~.i . --.r h. J 
~, "" pl' __ # ~ 

- tv;!/ 
15 .hv ~'1fJ 

k-;? 
o/~ 

I 



Here; he. GA~5 L6.- w 

d ~ J ; " c (()~ ! 6 
Problem 3 (25 points): 

Consider a semi-infinite non-conducting cha rged 
slab of thi ckness 2d centered on the xy -p lane 

(fi lling a ll space between z = -d and z = d). It 
has a positive, linear charge distribution I 

{ nD~ CO'~ q- ~ 
p(z)= Po Izl/d. 

Sandwiching this charged slab arc two scmi
infinite neutral c:.:o:;,;n=:d::;u .. ct:.;:o;;rs, each of thickness d, ===- -located between z = -2d and z = -d and between 
z = d and z = 2d . The left hand side of the 

-2d -d 
• Z 

o d 2d 

sandwich (at z = - 2d) is he ld at V = 0 . Given thi s V",O V- I V :: ? 
arrangement, calcu late the electric potential V at two locations: z = 0 and z = +2d . 

NOTE: YOU MUST SHOW WORK in order to get any credit for thi s problem. Make 
it clear to us that you understand what you arc doing (use a few wo rds ' ) To make our 
li ves eas ier (and your grade higher) you shou ld outline how you plan to approach the 
prob lem 

~ 
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8.02 

SECTION I 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Department of Physics 

8.02 Exam ,One Solutions Spring 2008 
Spring 2008 

In thi s sect ion you are asked to answer 5 questi ons, each worth 5 po ints. You do not have 
to show your work ; in most cases you may s impl y ci rcle the chosen answer. 

Question I (5 points): 

Conside r the ho ll ow conductor shown in the fi gure whi ch has zero net cha rge . As shown, 
an o bject with charge +Q is pl aced ins ide the neutral , ho ll ow, spherical conductor. 

In dicate th e d irection of the e lectric fi e ld that arises after static equilibrium has been 
achi eved by sketchin g severa l representative fi e ld lines everywhere in space as needed. 

+Q 
• 



Question 2 (5 points): 

Consider the two charges +2Q and -Q, and a mathematical spherical surface (it does 
not physically exist) as shown in the figure below. 

---/" "'" / " ! \ 
I \ • I J • 

+2Q \ I -Q \ I 

'''" / 
'" ."" 

The electric flux on the spherical surface between the charges is ... 

a) positive. 

b) negative. 

c) zero. 

d) undetermined by the information given. 

Solution: c). Only the charge enclosed in a surface contributes to the electric flux on 
that surface. Both charges do contribute to the electric field. However if a charge is 
outside a closed surface then the electric flux on that surface due only to that charge 
is zero. Since both charges lie outside the surface, the electric flux on the surface due 
to those two charges is zero. 

2 



Question 3 (5 points): 

A posi ti ve charge +Q is moved by an 

external agent from infinity to a point 
midway between two charges +3q and -q 

that are separated by a distance d . The 
pos itive charge +Q begins and ends at 

rest. The work done by the exte rnal agent 
IS 

a) zero. 

b) 
k,.qQ 

+--. 
d 

c) 
_ k,qQ 

d 

d) + 2k,qQ. 
d 

e) 
_ 2k, qQ 

d 

f) + 3k,qQ . 
d 

g) 
_ 3k,qQ 

d 

h) + 4k,qQ. 
d 

i) 
_ 4k,qQ 

d 

j ) none of the above. 

o 
+3q P o 

-q 

• d • 

Solution: h). The work done by the external agent is equal to the change in electric 
potential energy which is given by the charge +Q times the electric potential 

difference between infinity and the point between the charges: 

W. = +Q(V(P) - V(<x» ) = +O(3k,Q _ k,.q )=+ 4k,qQ 
," - d / 2 d / 2 d 

3 



Question 4 (5 points): 

The circle is at +5 V relati ve to the plate. Which of the below are the most accurate 
contours for the equ ipotentials (equipotential map)? 

a 

c 

d 

( ) 
e 

Solution d). The strongest electric field is in the region between the circle and the 
plate and so the gradient of the electric potential is largest there. Thus we should 
have more contours in that region. Figure e) is the correct figure for the electric 
field lines. We can rule out answer b), because equal spaced contours above and 
below the circle at SV implies that the electric field is radially symmetric but it must 
curve down to the plate as shown in e) in order to be perpendicular to the 
conductor. The contours in I) imply the electric field is strongest above the circle 
which is not correct. 
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Question 5 (5 points): 

A parallel plate capacitor has plates with equal and opposite charges ±Q, separated by a 

distance d, and is connected to a battery. The plates are pulled apart to a distance 
D > d. What happens to the magnitudes of the electric field E in the gap and the 
charge Q? 

1 I A 

1+ + + + + +'+ + + +1 
1)-" 

- - - -I 

(a) E increases, Q increases. 

(b) E stays the same, Q increases. 

(c) E decreases, Q increases. 

(d) E increases, Q stays the same. 

(e) E stays the same, Q stays the same. 

(f) E decreases, Q stays the same. 

(g) E increases, Q decreases. 

(h) E stays the same, Q decreases. 

(i) E decreases, Q decreases. 

Solution (i): Since the plates are connected to the battery, the potential difference 
between the plates ~V does not change when the plates are moved. Before the plates 

were moved, I~VI = IEld = Ed. After the plates were moved, ILlVI = Enc."D • Since 

D > d, Enew < E • Since the electric field has decreased in magnitude, the magnitude 
of the charge on either plate must also decrease. 

5 



SECTION II In this section you are asked to solve three problems. Please be careful 
to show your work, and remember to include units where appropriate. 

Problem 1 (25 points) 

The graph below shows the variation of an electric potential V (r) with radial distance r 
with choice V (00) = 0 . The potential is described by the function 

(3 Y)(~-~); 0 m ~ r < 1.0 m 
5 2m 

V(r) 
[volts] \ 

1\ 
V(r)= 

(3 y. m)(! __ I_); 1.0 m <,. < 2.0 m 
r 10 m 

2.4 

1.6 

0.8 

0.8 

II'~ I I I 

I I i 
I ! I 

I 

I , 
2.4 3.2 4.8 

I' [m] 

(~V }2.0m <r<2.5 m 
. 1 

(3Y·m)-;r>2.5m 
r 

a) Give the electric field vector E for each of the four regions in (i) to (iv) below? 

Solution: We shall the fact that E = -VV . Since the electric potential only depends 
on the radial distance r, we have that the radial component of the electric field is 
given by 

dV 
Er =--. 

dr 

The electric field vector is then given by 

6 



(i) 0 m ~ r < 1.0 m 

- dV " d ( ( 7 r2)) " ( Y) " E=--r=-- (3Y) ---- r= 3- rr. 
dr dr 52m2 m2 

Note that the radial variable has units of meters, so the value of the electric field at a 
point just inside r = 1.0 m is given by 

Note that the component of the electric field, 3 Y , has the correct units. 
m 

(ii) 1.0 m < r < 2.0 m 

- dV " d ( ( 1 I)J "( 1 " E=--r=-- (3Y·m) ---- r= 3Y·m)-r 
dr dr r 10 m r2 

3Y 
At r- just less than 2.0 m , the component of the electric field is given by - - and 

4m 
has the correct units. 

(iii) 2.0 m < r < 2.5 m 

- dV " d (( 6 )J " -E=- dr r=- dr "5 Y r=O 

(iv) r > 2.5 m 

- dV " d ( 1)" 3 1 " E=--r=-- (3Y·m)- r=( Y·m)-r 
dr dr r r2 

At r- just greater than 2.5 m, the component of the electric field is given by 

~ Y and has the correct units. 
(2.5) m 

7 



b) On the axes below, sketch the magnitude of the radial component of the electric 
field, Er , as a function of r. Make sure you label the axes to indicate the 

numeric magnitude of the field. 

3.0 - - - - - - - - - -/\ 

[VIm] A \ 

r [m] 

c) Qualitatively describe the distribution of charges that gives rise to this potential 
landscape and hence the electric fields you calculated. That is, where are the charges, 
what sign are they, what shape are they (solid, shell. .. )? 

Solution: The symmetry is radial so the charges are spherical symmetric 
distributions. For the regions: 

(i) 0 m s r < 1.0 m: The electric field grows linear with radial distance so this 
corresponds to a sphere of uniform charge density p. 

(ii) 1.0 m < r < 2.0 m : The electric field falls off like 1/ r2 , so there is no charge in 
this region. 

At r = 2.0 m, there is a discontinuity in the electric field corresponding to a very 
thin spherical shell of negative charge and at r = 2.5 m, there is a discontinuity in 
the electric field corresponding to a very thin spherical shell of positive charge 

(iii) 2.0 m < r < 2.5 m: Since the electric field is zero, and this region is bounded by 
two shells of opposite surface charge (negative inside, positive outside), this is a 
conductor. It could also just be open space with shells on either side. 

(iv) r > 2.5 m : The electric field falls off like 1/ r2 , so there is no charge in this 
region. 

8 



Problem 2 (25 points) 

Two charges +Q and -Q lie along the x
axis and are separated by a distance 2d. 

y 

a 

A - Ell -

+Q -g E'l - --
d d b 

(a) Calculate the total electric field E at position A, a distance a from the x-axis. 
Indicate its direction on the sketch (draw an arrow) 

See sketch for arrow at point A. 

(b) Calculate the total electric field E at position B, a distance b from the y-axis. 
Indicate its direction on the sketch (draw an arrow) 

E =k + 1=--- (Q Q)~ 1 ( 
B e (b-d)2 (b+d)2 47Z'&o 

Q + Q )~ 
(b _d)2 (b +d)2 1 

See sketch for arrow at point B. 

Now, assuming that the electric potential is defined to be zero at infinity, 

(c) Find the electric potential Vat position A. 

V(A)-V(oo) = V(A) = -ke 2 Q 2 1/2 +ke 2 Q 2 1/2 = 0 
(a +d ) (a +d ) 

(d) Find the electric potential Vat position B. 

B 
x 
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V(B)-V(OO)=V(B)=ke(-~+~)=_I_(_~+~) 
b-d b+d 4n~ b-d b+d 

(e) A negatively charged dust particle with mass m and charge -q is released from rest 

at point B. In what direction will it accelerate (circle the correct answer)? 

LEFT RIGHT UP DOWN It Won't Accelerate 

Solution: The negatively charged dust particle will accelerate to the right because 
the charge -Q is closer to the dust particle and hence exerts a greater repulsive 
force than the positive charge +Q which exerts a smaller attractive force because it 
is further away from the dust particle. 

(f) Again, assuming the negatively charged dust particle was released from rest, what 
will its speed be after it has traveled a distance s from its original position at point B? 
HINT: Don't try to simplify any fractions 

Solution: Assuming that there are no other forces acting on the dust particle, the 
change in potential energy of the dust particle as it moves from point B to a point a 
distance s from B to the right along the x-axis, is given by 

tJ.U == U(ftnal)-U(B) = -q(V(ftnal)- V(B» 

The final electric potential is given by 

So the change in potential energy is 

. (( Q Q) (Q Q)) tJ.U=-q k + -k ---+--
e b+s-d b+s+d e b-d b+d 

From conservation of energy 

IlK +tJ.U =0. 

Since it was released from rest at point B, K(B) = 0, so the change in kinetic energy 
is 

1 2 
IlK == K(final) =-mv, 

2 

10 



i'... 
I 

From conservation of energy M<. + 4U = 0 implies that M<. = -I1U , so 

-2
1 

mvJ
2 =-I1U=Q(kl!( Q + Q )-k (_l+l)) 

b+s-d b+s+d I! b-d h+d 

The final speed is th us 

_ 2Qkl! (( 
V - --

J m 
Q + Q ) ( Q + Q )) 

b+s-d b+s+d b-d b+d 

11 
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Problem 3 (25 points): 
Consider a semi-infinite non-conducting charged 
slab of thickness 2d centered on the xy -plane 
(filling all space between z = -d and z = d). It 
has a positive, linear charge distribution 

p{z} = Po Izl/d . 

Sandwiching this charged slab are two semi
infinite neutral conductors, each of thickness d, 
located between z = -2d and z = -d and between 
z = d and z = 2d . The left hand side of the 
sandwich (at z = -2d) is held at V = 0 . Given this 
arrangement, calculate the electric potential V at· 
two locations: z = 0 and z = +2d . 

~ z 
-2d -d 0 d 2d 

NOTE: YOU MUST SHOW WORK in order to get any credit for this problem. Make 
it clear to us that you understand what you are doing (use a few words!) To make our 
lives easier (and your grade higher) you should outline how you plan to approach the 
problem. 

Solution: We need to calculate the electric potential. We will do this by calculating 
the electric field using Gauss's Law and then integrating to find the potential 
difference. NOTE: Some tried to treat the system as a collection of point charges 
and integrate the potential from each of them. This is incredibly difficult and 
definitely not the way to proceed. 

Before launching into detailed calculations it helps to get a conceptual picture of the 
situation. The charged slab is positive and symmetric. So it is going to make an 
electric field that points outward (to the left on the left, to the right on the right). By 
symmetry, the E field will be zero at the center. This corresponds to a positive 
potential that is peaked at the center (z=O) and falls as you move outward. What do 
the conductors do? They set the electric field to zero and hence keep the potential 
constant. 

Calculate the Electric Field 

We know the potential is zero at z = -2d. That means that the potential is also zero 
at z = -d (a conductor is an equipotential surface). Since we want the potential at 
z = 0 and at z = 2d (which is the same as at Z = d) we need to know the field 
everywhere in the slab. We do NOT need to calculate it anywhere else. So, we use 
the Gaussian Pillbox pictured above, with one surface at z=O (where the field is zero) 
and the other surface at z, where we want to calculate the E field. The pillbox has a 
cross sectional area of A (note that there is NO reason to give the radius of the 
pillbox, we just need its area). 

12 



By Gauss 's Law: 

W - ) 0 I fff I 'f 7 ' I 7' c.tJ E, dA = E (z A = - """ = - pelV = - Po '="'-Adz ' = - Po-=- A 
&0 &0 &0 ,',0 d &0 l d 

Note that we already determiued the directiou above (to the right on the right, to the 
left on the left), so although there is no reason to include any sign here when we 
integrate to find the potential we have to be careful to have E negative on the left 
and positive on the right. 

Calculate the Potential 

To find the potential we need to integrate the electric field fro lll where we know the 
potential to where we want to know it. 11 was defined at z = -2d, then the 
equipotential conductor lets us work frolll Z = -d: 

o 0 2 :; 0 '---:;-, ------, 

() () f -( ) I f Po z Po z Po d ( ) !'>v = v 0 - v -d = - E Z GZ = - - ---dz = - - - = - -= V 0 
'-6 , , -d , , - d &0 ld &0 6d - d L&--'0_ 6 ___ --' 

To find V(z = 2d) we could integrate from 0 to d, but the easier way to determine it is 
by symmetry. Since the field down on the right is the same as the field down on the 

left the potential difference lIIust be the sallie, hence I V (z = ld) = 01. 
Common Mistakes 
People made a wide array of mistakes on this problem. Conceptua lly many peop le didn ' t 
realize that the conductors had zero field in them and hence were equipotenti a l obj ects. 
Also conceptua lly, people didn ' t rea li ze that you need E(z) in order to integrate and find 
the potentia l. Instead they found the e lectri c field at a spec ific point, for example E(O) or 
E(d) and then " integrated" that fo rmula. This is a major misunderstanding - to get from 
electric fi eld to potential or vice versa you need to know how they behave as a function 
of pos ition . In particular, a number of peop le said that because E(O) = 0 that V(O~ust 
also equal zero. This is nonsense. Just because a surface is loca ll y fl at (E=O) doesn t 
mean that it has to b~ at zero heigli" (v=O). The nOO I', a table and the ce iling a ll are nat 
but have different heights. I > flul-: /0-;)- y JJ clrJII '/ /!Qw vvJer~ -
Calculating the E Field w ith Gauss' s Law w~s very d ifficult for peop e even if they knew 
they wanted it as a function of posi tion. Don ' t forget to put the endeaps of the pillbox 
where you want to ca lculate the field. So if you want it in the slab, don ' t draw the pillbox 
with the endcalls outside o.Fthe slab. Some people tried to put one of the endcaps in the 
conductor, not a bad idea since E = 0 there. Unfortunate ly, there is a surface charge 
distribution at the conductor/s lab interface, so thi s requires an extra step to calculate if 
you want to go this way. Much easier just to work from the slab center as we did above. 
Fina lly, when determining the charge enclosed you can ' t just multiply the formula for the 
charge density by the vo lume enclosed, you must integrate since it is non-uniform. 
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E
- q A q-

= r= r 
47Z'Eor2 47Z'Eor3 

r =!. points from source q to observer 
r 

1f K E . dA = Qnsidcofrcc 

c1ru~ surface Eo 

dA points from inside to outside 

b 

6.Vmoving from atob = Vb - Va = - JE. di 

fE.di = 0 
closed path 

q 
V point chargc = -4--

7Z'Eor 

a 

u = <#J[~ &0£2 JdV.m 
BV BV BV Ex =--, Ey =--, .Ez =--
ax By Bz 

£, =- c::: for spherical symmetry 

C . = C1C2 

serres C +C 
I 2 

Circumferences, Areas, Volumes: 
Circle of radius r: 

Area = 7Z'rl 

Circumference = 27Z' r 

Sphere of radius r 
Surface Area = 47Z' ? 
Volume = 4 7Z'r

3 

3 

Cylinder of radius r and height h 
Side surface area = 27Z' r h 
End cap surface area = 27Z'? 

Volume = 7Z'rl h 

Definition of trig functions 
sin is oppositelhypotenuse; 
cos is adjacent/hypotenuse; 
tangent is opposite over adjacent; 

Properties of 30, 45, and 60 degrees 
(1t/6, 1t/4, and 1t/3 radians): 
sin(1t/6) = cos(1t/3) = 112, 
sin(1t/3) = cos(1t/6) = J3 12 ; 

sin(1t/4) = cos(1t/4) = 1 1.J2 ; 

Integrals that may be useful 
b 

Jdr=b-a 
a 

b 1 
J-dr == In(bl a) 

r 
a 

b 1 (1 1) f-;:>dr = a - b 

Some potentiaUy useful numbers 

k =_I_=9xl09 Nm
2 

e 47Z'Eo C2 

Breakdown of air E ,..., 3 x 106 Vim 
Speed of light c = 3 x 108 rn/s 
Electron charge e = 1.6 x 10-19 C 
Avogadro's number NA = 6.02 X 1023 morl 
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MIT PHYSICS DEPARTMENT page 5 of 18 

Problem 1: Five Short Questions. Circle yonr choice for the correct answer. 

Question A (3 points out of 15 points): 

A pos iti ve charge is brought near a J.l!altlal, spherica l, 
conducting shell , causing the shell to generate an electri c ficld 
with the grass seed representation at right. The combinati on of 
thi s induced electric field and the field of the charge itself 
combine together to make a potentia landscape best 
represented in which of the fi gures below (wifilsffCaks parall el 
to eCj!ol lRotentia ls)? ""-

&> <fhlo fY>e> \-10"1\ 

(3) 

1\ .02 Exam # \ 

(4) 

Spring 2009 



MIT PHYSICS DEPARTM ENT page 6 of 18 

Question B (3 points out of 15 points): 

Two pa irs of holl ow, spherical conducting shells a re connected with wires and switches. 
The system AB (where A and 8 are fa r apart) is extremely far from CD. In bo th systems 
the large shell s have four times the radius of the sma ll shells. B efore the switches are 
closed each pair has a charge of +20\~1 the sma ll shell (A,C) and +60 nC on the large 

shell (8,D) ~ 

()---/.~ 
A 

(+20 nC) 

B 
(+60 nC) N (+2£r 

"''-- -- 0 
(+60 nC) 

When the switches are closed, chargc is free to fl ow along the conducting wires 
connecting the spherical shells. What is the rank of the magni tude of the charge on each 
of the shell s after the switches have been closed? 

I. QA = Qo < Qc = Qo 

2. Qc = Qo < QA = QB 

3. QA = Qc < Qo = Qo )~ (f 4. Qo = Qo < QA = Qc 

5. QA < Qc < Qo < QB 

6. Qo < Qo < Qc < QA 

7. Qc < QA < Qo < Qo 

8. Qc < QB < QA < Qo 

9. The charge is the same fo r all fou r shells 

10. The ranking of the e lectric charge cannot be determined or is none of the above 

8.02 Exam #1 
Spring 2009 
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Question D (3 points out of 15 points): 

J\~ ________________ ~~ 

L 

[)~. ----------------~~ WffI) ~ 

1. . .. positive work 

Four charges of equal magnitude (two positive and two 
negative) are placed on the corners of a square as 
pictured at left (positive charges at positions A & B, 
negative at positions C & D). 

You decide that you want to swap charges B & C so that 
the charges of like sign will be on the same diagonal 
rather than on the same side of the square. 

In order to do this, you must do ... 

1 ~JI1 ~t of+rqci-e ~ 
~ ... negative work 

... no net work C ~I 1 L (/ 
4. . .. an indeterminate amount of work, as it depends on exactly how you choose to 

move the charges. 

Question E (3 points out of 15 points): 
Two uncharged conductors, A and B, are of different sizes. They are charged as follows: 

1. A is charged from an electrostatic enerator to charge q. 
2. A is briefly touched to B. 
3. Steps 1 and 2 are repeated until the c ge on B reaches a maximum value. 

If the final charge on B is 3q, what was the charge on A after the first time it touched B? 

1. 5q/6 

2. 3q/4 b~~ 3. 2q/3 

4. q/2 

5. q/3 

6. q/4 

8.02 Exam #1 Spring 2009 
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Question C (3 points out of 15 points): 

Three pairs of charged conducting spheres are connected with wires and switches. The 
spheres are all very far apart. The large spheres have twice the radius of the small 
spheres. Each sphere on the left has a charge of +20 nC and each sphere on the right has 
a charge of +70 nC before the switches are closed. 

(+2~nC) OJ ~(+7%nC) 
All of the switches are closed and then, after a long time, opened again. Which of the 
below rankings of the electric potentials on four of these spheres (A, C, D, E) is correct? 

1. VA <VC=VD<VE 

) ~'(f 2. VE<VC=VO<VA 

3. V A = Vo < Vc = VE 

4. VC=VE<VA=VO 

5. VA <VO<VC<VE 

6. VE<VC<VO<VA 

7. The electric potential is the same for all four spheres (A, C, D & E) 

8. The ranking of the electric potential cannot be determined or is none of the above 

8.02 Exam #1 Spring 2009 
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Problem 2: Back of the Envelope Calculation (10 Pts) 
Don't let the sparks fly! 

page 9 of 18 

As always, you are not given enough information to exactly determine the answer to this 
question. Make your best estimates for unknowns, clearly indicating what your estimates 
are (e.g. Radius R - .... ) NO CREDIT will be given for simply guessing a final 
numerical answer from scratch. It must be properly motivated (i.e. write equations, use 
words!) 

Rub a balloon on your head and you can stick it to the ceiling. Using electrostatic 
arguments (i.e. not just experience), what is the largest mass you could support from the 
balloon? 

8.02 Exam #1 Spring 2009 
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Problem 3: Charges (25 points) Q) ~+ ('kCV9 tJ ell (' . t\ 1...1 .1 F t.. 
r rO l'1. I.>( l 11 C! ~ T ttn V 

Two point· like parlic\es with charges ql ~ P 
ancl q2 Sit fi xed on the x·ax is at the .ori gin ql· ~ '1.\ ~A 
ancl x = 30 respecti ve ly. A pomt P li es on 0 :».. 20 ~. ~ f1"~ <'f 

the x-ax is between the two charges at x = 0 I V 
(as piclurecl at ri ght) . r ro"l 

(a) What is the e lectric fi e ld it at point P due to these two charges? f I d r te1 
[. , 5--<pf. r rG~ ~ ;O A- (o (Drf\ bS Q 

~ i1(1 iy III r dl,dla" 

k~ .-\,( 4 2-

{ oJ 2 l!OJ 2-

(Ott 6; mpl ~ F 7 

C{, t. -
Lf aL.. ~ 

k ( ?\j{ - UJ; z. ) 
Or{ mp r e.. \.~ (..0 

(b) WI"'~' ,,(~I pp~,",~lJl"'i' P d,,, " ",," ~p ,hOI"~,. "~"mi", ih" 
potemial is defined such that V = t!..Q)<7 at infinity? 

-/0 I 

Ie fhQ;rt{r - t! {~v'« 1!'iL 

-fkt V5eJ 

un 61/~pl :Cvftl 

- b\2 ~ /-e, --I 
( C7tl - q,~ , ------- - / () Ct 

K '1 ' 

.!:JJ/ +.l.!JU- t- ID Q 2..C{ 
- ..x'p 2 Exam # 1 8.0 ring 2009 
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MIT PHYSICS DEPARTMENT 

J'roblcm 3 co11lilllled: Charges ~ 

A th ird particle of mass 117 and known positive \lDr 
charge +q is now brought in from infinity to 
point P. Once thcre it is confined to move ;:;;, 
the x-axis, and it is fo und th at if it is s lightl y q, 
disp laccd from point P that it w il l undergo 
simple harmon ic motion ("small osc ill at ions") 
about point P due to the e lectric forces from b 1 
the first two charges (i.c . ignore gravi ty). - LJt 

lo~ 

+q -
P a .. EO 

C€tI ~e/ecL 

page II of 18 

20 ) 

aJ r+ r> 

Pi 
(c) From the above information, what can you determine about the signs and 

magn itudes of the two charges q, and q2? For ease of notation, assume that the 
magnitude of q, is Q, whe re Q is a positive number (so if q, were negative yo u 
would write q, = -Q). Explain how you know thi s ! 

Ir ked I~ (ui! e 
\,.;~t{~ flj 

f). ;;- Ov ~ 

for 

tnh <!, 

r:- Ff.lr f t chorq e 
tit It j. ,!;/VfI f L { 

" liP" IJ Auv(! { I'o ".9' II/ r4 

be I~ m;Jdk (~q,~ dcrl) 

) How n Gch energy did it take to move the charge +q from infinity in to P? Briefly 
explain_thy u eanir!g of the sign o f this e e.rgy whether positive, negative or zero). 

J~.J l;t Ch :0: 
CVz = 4Q 

lo()", I1J tcGl1 6 k dO' 

~ = 6LJ 3 C{, ~V ! 
I 

!J u = 1" (k~ t 

o 4(4- r 
Spring 2009 
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Problem 4: A Sphere's Potentia l (25 points) 

A spherical insu lator of radius 0 contains a non-uniform spherica lly symmetri c charge 

)lJvh • D~~ribution P (I") = ~JZ"01"" This insul ating sphere is wrapped with a conduc~ with no 

VA & net charge, inner radius 0 and outer rad ius 30, as pictured below. The zero of potential is 

defined on the midline of the conductor. That is, V (I" = 20) = O. This is simply a 

definiti on - the conductor is NOT grounded. Although these two objects are in contact, 
the charge on the insulator is firmly attached and none will " leak into" the conductor. ~~\f COf\~.dl" 

NOTE: This problem will be graded on your displayed understanding of what you are 
doing. SHOW WORK. Answers w ithout exp lanations (in words, clear derivations and 
pictures) will receive no cred it. I f you can intuit a part of the answer, for example using 
symmetly , it is fine to state the result without mathematica l derivation but justify it with 
a brief statement. 

(a) Ca lcu late the eiectric potential Vthroughout space due to this charge distribution 
Make SUJe that your final answer is clearly identifi ed (boxed) 

Neu tral 
conductor, 
rad ius 30 

Jnsulator, 
charge 
density p 
radius 0 

pO ( ~J 

1f/k _ 

8.02 Exam # 1 

L F lAd E 
2 I f Pl",-L 

vv;1I b. 
:,/.,{{ tw~ 

V 

~~ I de'- " . (e 
(tjl Ifl ll'([ 

~1~Ctj,a !e 
b f retl L{f 
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Problem 4 continued ... : A Sphere's Potential 

pu+ 2 - fl~ vi C ~{.J-.o( F I[d~ ) 
V.:;- V (r) - V (20-) ~ () olG~ 1 O/~ J V7 f do'''.!} v10I'M4/ f,JeI/ 
V 7 -j F- ~j =-{ l& d 6: r r 

-~ tA (J ( 
d 'tel riP t .{b 0.,. a.: 0 

Ptlf'1,<J/. ),\ (Ovl~l</ 
n., t;.Jhl ct~ 

c h b 
~ 1 \ Q(I LEa) <2- ~IlOvV 

ct I ~ I ~ 

0\ Is 0 \ IWY :;:,b -) df ,- C±-- {;) ~ (2 

(b) A negligibly small hole is drill ed in the above conducting sphere down to a radius of 
r = 2a, so that a conducting wire may be attac hed to the conductor at that radius (where 
V = 0). The other end of the wire is then attached to the outer surface of a solid 
conducting sphere of rad ius 2a, and with no net charge, a very large distance away. Is any 
charge transferred through this wire? If yes, what sign of charge travels to the smaller 
conducting sphere and why? I f no, why not? 

8.02 Exam # I Spring 2009 
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Problem 4 cOllfilllled ... : A Sphere's Potential 
(B lank page in case space is needed. Problem continues on next page) 

l-- I. IJ /\ -- ~( 

Ir~'f r.') 
N.tI' - pI ,jl.~ ~ 

or ;6 /1- v'O(V"'XL 

IAr 

) 
-dt ~ ~~jl"f\C{S l '/ '\ 

I fVl i '~ 
- (c., /1-{6 
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Problem 5 contillued ... : Parallell'late Capacitor 
lf we zoo m in on some arbitrary secti on of the folded and roll ed capacitors we w ill find: 

Folded Rolled 

gnd 
gnd 
+V .. ... ::::::::::::::::::::::::::::::: ::::::::::::::::::::::::::::::::::·:·:·:·:·::::·:::::::1 

+V co::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::1 

gnd 

I 

2 

3 

4 

~~~~~~~~~~~'" gnd 
k: .:.:.:.·.:.:.·. :.:.:.:.:.:.:::.:.:.··.··.·.· .. · .. · ...... .. ....... ::::::::::0;: ::::::::::::1 + V 

~~~~~~~~~~~'" gnd 
I::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::I+V 

~~~~~~~~~ gnd 

I have shaded and labe led the subp lates to indicate which ones are attached together, but 
don 't show those attachments at th e edges (since l ' m only look ing nea r the cente rs of the 
subplates) . I have also numbered the central subplates I through 4. 

Your j ob in this problem is to determine which method . if either, makes a better 
capacitor. You begin by attaching a battery to each capac itor and charg ing one plate (now 
folded or rolled) to a potential + V re lati ve to the other plate (denoted "ground" or "gnd"). 

(b) ln terms of thi s potential + V and the dimensions o f the subplates (length ", w idth II' 

separated by di stance d) , what is the electric field everywhere between subplates I 
and 4? 

E. Co~i\llv(<l 
[d- ~ +(1 ;<1 h-{Ya/ 

EA =- f t{ 
fo 

r 

'j ~ r' 1. 
o 

8.02 Exam # 1 
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Problem 5: Para llel P late Capacitor (25 pts) 

A paralle l plate capacitor consists of two large rectangular conductors (length L, width w) 
held apart by a very sma ll di stance d (with dimensions L » w » d) . 

(a) Calculate the capacitance of thi s capacitor. You might very well already know the 
answer to this - feel free to just write it down, but showing a little work here will help 
you later in the problem. You do NOT necd to be as complete as you were in the 
previous problem. sl \ 

, 
rBtI(~1I-

~ ~ ~ ~ d V 
fo 1 Y Jv ~ 

I (' j 

r-() r h r.' LJ (/\ I" 12 
60 

f 
J)\,~ I\S\," :,.110 ·,,1 C 
QI (j)"s /o.IA I j 

~ LUI' for r \ 3 dr 
h Y1fl ~ 

L...\ 

This capacitor is too big (spatially) to be of much use for us, so you need to pac it up 
into a more compact object. Hcre are two suggested methods for your consideration: 

Folding Ro lling 

.. @ ,® 
4 e ~ 4 f ~ 

Note that these diagrams, in which the pair of plates is drawn as a single line, are NOT to 
scale and hence are slightly misleading. You will use the same spacing d between 
neighboring plates as between the plates. Also, because the length of each of the N pairs 
of "subplates" e '" L/ N is much larger than the spacing d, the rounded edge sections are 

not nearly as significant as thcy appear here. You can ignore the edges. 

8.02 Exam #1 Spring 2009 
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Problem 5 confillued ... : Parallel Plate Capacitor 
Folded Rolled 

gnd 

gnd 
+v k>""" ... ................... ,.,.,.,.,.,., .. ,.,.,.,',.,.,.,.,.,.,.:"",:,:,:,:0:1 

+V Lo,'·'············ ······ ··· ··· ···· ···,·, ·,·,··,',·,·,·,"·'·'·'·',',',',1 
gnd 

2 

3 

4 

"" ,.,.,.,., ... ,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,.,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,· ,',,',',I+V 

~~~~~~~~~ gnd 
k,','. ",.,.,.,.,.,.,." .,.,.,.,.,.,.,. ,.,.,.,. ".,.,., .,.,.,.,. "~"~Co " ~"~"~"~,,,,,,,,,, ,,,, + V 

~~~~~~~~ gnd 

"" "" '"""""" ."" """" """,."" "'" ",,,, """ """"""" "" """ """",',', ',1 +V 
~~~~~~~~~ gnd 

(c) For each of the two capacitors, calculate the charge on each of the four central 
conducting subplates pictured above (subplates 1-4). Wherc is that charge located on 

cach of the subplates? SV ( ( 

8.02 Exam # 1 Spring 2009 



MIT PHYSICS DEPARTMENT page 18 of 18 

Problem 5 continued •.. : Parallel Plate Capacitor 
(d) Now that you have calculated the charge on a pair of subplates (for example plates 2 

& 3, which were directly across from each other in the original unfolded capacitor but 
far from subplates 1 & 4), you can determine the total charge stored in the two plates 
(N total pairs of subplates) in each capacitor. Do so, and use this to determine the 
total capacitance of each of the two capacitors (folded and rolled) 

(e) Which, if any, of the capacitors (folded, rolled or the original flat one) is best? Why? 

8.02 Exam #1 Spring 2009 



Physics. 8002 Exam One Exam Spring 2009 
Please Remove this Tear Sheet from Your Exam 

E- q" q-= r= r 
41l"Eor2 41l"Eor3 

r =!. points from source q to observer 
r 

c# 
closed slIrfare 

K E 0 dA = Qnsidc-frcc 

Eo 

dA points from inside to outside 

b 

~V -V, -v --JEodi moving from a/ob - b a -

fEodi = 0 
closed path 

W=~U=q~V 

q 
V point charge = -4--

1l"Eor 

a 

BV Ez =--
Bz 

Er = - BV for spherical symmetry 
Br 

Circumferences, Areas, Volumes: 
Circle of radius r: 

Area = 1l"? 

Circumference = 21l" r 

Sphere of radius r 
Surface Area = 41l"? 

Volume = 4 1l" r3 
3 

Cylinder of radius r and height h 
Side surface area = 21l"r h 
End cap surface area = 21l"? 
Volume = 1l"? h 

Definition of trig functions 
sin is oppositelhypotenuse; 
cos is adjacentlhypotenuse; 
tangent is opposite over adjacent; 

Properties of 30, 45, and 60 degrees 
(1t/6, 1t/4, and 1t/3 radians): 
sin(1t/6) = cos(1t/3) = 112, 

sin(1t/3) = cos(1t/6) = .J3 / 2 ; 

sin(1t/4) = cos(1t/4) = 1/.J2 ; 

Integrals that may be useful 
b 

Jdr = b-a 
o 

b 1 
J-dr = In(bl a) 
or 

b 1 (1 I) J-;:,dr = a - b 
Some potentially useful numbers 

k =_I_=~xI09 Nm
2 

e 41r&o C2 

Breakdown of air E -.. 3 x 106 VIm 
Speed of light c = 3 x 108 mls 
Electron charge e = 1.6 x 10-19 C 
Avogadro's number NA = 6.02 X 1023 morl 
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Problem I: Five Short Questions. Circle your choice for the correct answer. 

Question A (3 points out of 15 points): 

A pos itive charge is brought near a neutral, spherica l, conducting 
shell, causing the shell to generate an clectric field with the grass 
seed representation at ri ght. The combination of thi s induced " 
electric field and the field of the charge itsel f combine together to 
make a potential landscape best represented in whi ch of the 
figures below (with streaks parallel to equipotentials)? 

(2) 

(4) 

The positive cbarge is to the right of the shell (field is stronger there and diverges from 
there). So equipotentials surround it, as pictured. 

8.02 Exam #1 Solutions Spring 2009 
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Question B (3 points out of 15 points): 

Two pairs of hollow, spherical conducting shells are connected with wires and switches. 
The system AB (where A and B are far apart) is extremely far from CD. In both systems 
the large shells have four times the radius of the small shells. Before the switches are 
closed each pair has a charge of +20 nC on the small shell (A,C) and +60 nC on the large 
shell (B,D) 

Q----/.I-------f 
A 

(+20 nC) 

B 
(+60 nC) 

When the switches are closed, charge is free to flow along the conducting wires 
connecting the spherical shells. What is the rank of the magnitude of the charge on each 
of the shells after the switches have been closed? 

1. QA = QB < Qc = Qo 

2. Qc = Qo < QA = QB 

3. QA=QC<QB=Qo 

4. QB = Qo < QA = Qc 

5. QA<QC<QO<QB 

6. QB < Qo < Qc < QA 

17. ·QC<QA <QB<QO 

8. Qc < QB < QA < Qo 

9. The charge is the same for all four shells 

10. The ranking of the electric charge cannot be determined or is none of the above 

When connected, the shells will come to the same potential. In the CD system all charge 
will leave the C conductor and flow to D (that is how it gets far away from itself). In the 
AB system more charge will be on B than on A because kQ/r must be the same for the 
two. 

8.02 Exam #1 Solutions Spring 2009 
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Question C (3 points out of 15 points): 

Three pairs of charged conducting spheres are connected with wires and switches. The 
spheres are all very far apart. The large spheres have twice the radius of the small 
spheres. Each sphere on the left has a charge of +20 nC and each sphere on the right has 
a charge of +70 nC before the switches are closed. 

E'~~F 
(+20nC) ~ -v (+70nC) 

All of the switches are closed and then, after a long time, opened again. Which of the 
below rankings of the electric potentials on four of these spheres (A, C, D, E) is correct? 

2. VE<VC=VO<VA 

3. VA=VO<VC=VE 

4. VC=VE<VA=VO 

5. VA <VO<VC<VE 

6. VE<VC<VO<VA 

7. The electric potential is the same for all four spheres (A, C, D & E) 

8. The ranking of the electric potential cannot be determined or is none of the above 

Again, when connected the spheres will come to the same potential. For AB and EF this 
means the same charge (45 nC) will be on each sphere. For CD less charge will be on C 
than on D (you can calculate it will be half as much, 30 nC on C, 60 nC on D, but that 
isn't necessary to answer the question). 

8.02 Exam #1 Solutions Spring 2009 
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Question D (3 points out of 15 points): 

J\~ ________________ ~~ 

: : 
I I 

I : 
I I 
I I 
I L I 

:1 .: 
I I 
I I 
I I 
I I 
I I 
I I 

[)~-----------------~ 

I. . .. positive work 

I 2. . .. negative work 

3. . .. no net work 

Four charges of equal magnitude (two positive and two 
negative) are placed on the comers of a square as 
pictured at left (positive charges at positions A & B, 
negative at positions C & D). 

You decide that you want to swap charges B & C so that 
the charges of like sign will be on the same diagonal 
rather than on the same side of the square. . 

In order to do this, you must do ... 

4. . .. an indeterminate amount of work, as it depends on exactly how you choose to 
move the charges. 

By moving like sign charges farther apart and opposite sign charges closer together you 
reduce the energy of the system 

Question E (3 points out of 15 points): 
Two uncharged conductors, A and B, are of different sizes. They are charged as follows: 

I. A is charged from an electrostatic generator to charge q. 
2. A is briefly touched to B. 
3. Steps 1 and 2 are repeated until the charge on B reaches a maximum value. 

If the final charge on B is 3q, what was the charge on A after the first time it touched B? 

1. 5q/6 Charge is proportional to potential. For 

2. 3q/4 
simplicity write V A = a qA; VB = b qB 
In the end, the charge on A is qA = q. 

3. 2q/3 So alb = qB/qA = 3. 

4. q/2 
So the first time, for their potentials to 
be equal, a qA = b (q-qA) 

5. q/3 

I 6. q/4 

8.02 Exam # 1 Solutions Spring 2009 
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Problem 2: Back of the Envelope Calculation (10 Pts) 
Don't let the sparks fly! 

page 6 of 16 

As always, you are not given enough information to exactly determine the answer to this 
question. Make your best estimates for unknowns, clearly indicating what your estimates 
are (e.g. Radius R '" .... ) NO CREDIT will be given for simply guessing a final 
numerical answer from scratch. It must be properly motivated (i.e. write equations, use 
words!) 

Rub a balloon on your head and you can stick it to the ceiling. Using electrostatic 
arguments (i.e. not just experience), what is the largest mass you could support from the 
balloon? 

As always for these types of problems, there are many ways to address this. 
Conceptually, rubbing the balloon puts some charge on it. When brought near the ceiling 
there will be an image charge on the ceiling and thus they attract. The problem is that we 
need some numbers. 

We do know the bifgest possible field between the balloon and the wall - the breakdown 
field of air, 3 x 10 V 1m. If we pretend that the balloon is one plate of a parallel plate 
capacitor (not a terrible abstraction given that the balloon is very close to the ceiling) then 
we can write: 

This isn't quite right: in a parallel plate capacitor the force on one plate is half what I 
have written here since half the electric field comes from each plate, and a plate can't 
exert a net force on itself. But factors of two aren't relevant for these kinds of problems. 
So now we just plug in some numbers. I'll rewrite in terms of k, since I know that: 

(41l"8o)AE2 (9xl09 Nm2C-2fl 
(10-2 m2 )(3xl06 NC-1r 

F- - =IN 
41l" 10 

Here I've used an area on 10 cm square. This is probably a little on the big side, but we 
want a maximum mass, so that's ok. Now I just need to convert this to mass using 
gravity: 

FIN fi\'1'i::l m=-- =~ g 10ms-2 

Reality check: 100 g? Seems reasonable! 

NOTE: I was stunned by how many students simply guessed at how much charge was on 
the balloon. The guesses ranged from 1 e - to lOs C. 100 electrons seemed popular for 
some reason. The problem is, these are simply guesses and these problems do NOT 
involve guessing. They involve estimation based on knowledge. You know the 
breakdown E field of air and probably know that the air often crackles as you rub 
balloons on your head (or could surmise it from the title of the problem). Also, CHECK 
your answer (they ranged between CLEARLY WRONG extremes 10-100 g to 1029 kg). 

8.02 Exam #1 Solutions Spring 2009 
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Problem 3: Charges (25 points) 

Two point-like particles with charges ql 
and q2 sit fixed on the x-axis at the origin 
and x = 3a respectively. A point P lies on 
the x -axis between the two charges at x = a 
(as pictured at right). 

~-a=::"'''''':E~-=--=--2a-----~~ .. 

(a) What is the electric field E at point P due to these two charges? 

(b) What is the electric potential V at point P due to these two charges, assuming that 
potential is defined such that V = + 1 0 V at infinity? 

We start with just writing the potential difference relative to infinity and using 
superposition, the way we always do: 

But we asked for potential with infinity at + 10 V so 

8.02 Exam #1 Solutions . Spring 2009 
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Problem 3 continued: Charges 
A third particle of mass m and known positive 
charge +q is now brought in from infinity to 
point P. Once there it is confined to move on 
the x-axis, and it is found that if it is slightly 
displaced from point P that it will undergo 
simple harmonic motion ("small oscillations") 
about point P due to the electric forces from 
the first two charges (i.e. ignore gravity). 

~ 
+q 

II ~ ~ I -a~:e.PEI---2-a--__ -_ --<,~~~ 

( c) From the above information, what can you determine about the signs and 
magnitudes of the two charges q, and q2? For ease of notation, assume that the 
magnitude of q, is Q, where Q is a positive number (so if ql were negative you 
would write ql = -Q). Explain how you know this! 

If it is undergoing simple harmonic motion, the field at point P must be 0 and the 
charges must both 'be positive (if either or both were negative, when· it got closer to the 
negative one it would just snap to it). . 

So, Iq) =QI 

And from (a): 

(d) How much energy did it take to move the charge +q from infinity in to P? Briefly 
explain the meaning of the sign of this energy (whether positive, negative or zero). 

Wegete~u~rgy·{Word) required by the potential difference of (b): 

W ~· .~v·.: __ .'-·(·· .. k ... ·q· .. l . kq.2)·_ (kQ.' k.4Q)_13kqQ.1 .. -qu . -q .-. -.+.- - q -+-. _. - -- . ~;'. 
. .. . . . a . . 2a. a 2a:a ~ " .. ~_ 

. . -

This ·'is 'apositive energy because we needed ·to push the positive charge close to the other 
two positivecbarges (it.doesn't naturally want to be there)., . 
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Problem 4: A Sphere's Potential (25 points) 
A spherical insulator of radius a contains a non-uniform spherically symmetric charge 

distribution p (r) = %'JZ"ar2 • This insulating sphere is wrapped with a conductor with no 

net charge, inner radius a and outer radius 3a, as pictured below. The zero of potential is 
defined on the midline of the conductor. That is, V (r = 2a) = O. This is simply a 

definition - the conductor is NOT grounded. Although these two objects are in contact, 
the charge on the insulator is firmly attached and none will "leak into" the conductor. 
NOTE: This problem will be graded on your displayed understanding of what you are 
doing. SHOW WORK. Answers without explanations (in words, clear derivations and 
pictures) will receive no credit. If you can intuit a part of the answer, for example using 
symmetry, it is fine to state the result without mathematical derivation but justify it with 
a brief statement. 
(a) Calculate the electric potential V throughout space due to this charge distribution 

Make sure that your final answer is clearly identified (boxed) 

Inside the insulator (r < a): 

Neutral 
conductor, 
radius 3a 

Insulator, 
charge Q 
radius a 

Here is an outline of our procedure: 

The conductor is an equipotential 
surface, so we know that the 
potential is zero throughout it. To 
calculate the potential elsewhere we 
need to integrate the electric field, 
which we can calculate using Gauss's 
law with spherical symmetry: 

<#E.dA= E4JZ"r2= Qenc =_1 JJJp(r')dV=...!.. J Q '24JZ"r'2dr,=iLr=>E=kQr 
&0 &0 &0 ,'=04JZ"ar &oa ar 

We obtain the potential by integrating: 

~V = V(r)- V(a) = _'fk
Q 

dr' = - kQ In(!:..) => V(r) = kQ In(a) 
"----"'" ar ' a a a r o a 

Note that this is positive, as it should be since we are moving into positive charge. 

Outside the insulator (r >3a): 
Here we don"t even need to use Gauss's Law. We are outside of a spherical object with 

net charge +Q (plug r = a into Qenc), so E = k~ r The integral of that: 
r 

~ V = V (r ) - V (3a ) = - 'J k~ dr' = kQ [! -_1 ] => V (r ) = _kQ[_1 -.!.] 
~ 3r r3a 3ar o a 

I rewrite it like that to emphasize that the potential is negative, as r > 3a. This makes 
sense, we had to walk uphill from infinity to get to the positively charged outer surface of 
the shell. 
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Problem 4 continued •.. : A Sphere's Potential 
(b) A negligibly small hole is drilled in the above conducting sphere down to a radius of 
r = 2a, so that a conducting wire may be attached to the conductor at that radius (where 
V = 0). The other end of the wire is then attached to the outer surface of a solid 
conducting sphere of radius 2a, and with no net charge, a very large distance away. Is any 
charge transferred through this wire? If yes, what sign of charge travels to the smaller 
conducting sphere and why? If no, why not? 

To answer this you need to realize two things: 

1) Where we choose to connect the wire to the conductor, an equipotential body, is 
irrelevant. Even though there is no net charge in the center of the conductor, if 
this wire is connected to an object with a different potential then charge will 
separate and flow. 

2) The distant uncharged conductor will be at the same potential as infinity 

V (00) = - kQ • Since this is LOWER than the potential of the radius 3a conductor, 
3a 

POSITIVE charges will flow to the second conductor. The negative charges 
which are left behind when the positive charges are stripped out of the conductor 
will flow to the surface and begin to neutralize it. 

Although you weren't asked how much charge would flow, we can easily calculate this 
recalling that the charge will flow to equalize potentials. If we redefine our zero of 
potential to be zero at infinity (this doesn't physically change the system, just makes 
calculations easier) we have: 

kQB;gSphere _ kQSmallSphere Q _ .l. Q 
3a - 2a => BigSphere - 2 SmallSphere 

2Q 
QBigSphere + QSmallSphere = Q => QSmallSphere = 5 

Note also that this idea is very similar to problem 1 E 
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Problem 5: Parallel Plate Capacitor (25 pts) 

A parallel plate capacitor consists of two large rectangular conductors (length L, width w) 
held apart by a very small distance d (with dimensions L » w » d). 

(a) Calculate the capacitance of this capacitor. You might very well already know the 
answer to this - feel free to just write it down, but showing a little work here will help 
you later in the problem. You do NOT need to be as complete as you were in the 
previous problem. 

I~ ~. w.ethget·IElb from
f 

GauAss's law 
~::::::.~-:'::::1 Q = aLw ,WI a pI ox 0 area : 

~--------~:--------_'--------------~ 
I 

'-----------, cffE.dA = EA = Qenc = aA 
&0 &0 

~( _____________________ , E=:'=&~W 
We integrate between the two plates to get the potential difference: 

~V=- JE.ds=Ed= Qd 
&oLw 

Then the capacitance is just: 

Ic=fv=71 
(NOTE: It was fine to just write this down, but of course if you wrote it down wrong 
there could be no partial credit) 
This capacitor is too big (spatially) to be of much use for us, so you need to pack it up 
into a more compact object. Here are two suggested methods for your consideration: 

Folding Rolling 

-= @ ® 
~ l ~ ~ l ~ 

Note that these diagrams, in which the pair of plates is drawn as a single line, are NOT to 
scale and hence are slightly misleading. You will use the same spacing d between 
neighboring plates as between the plates. Also, because the length of each of the N 
"subplates" l == L/ N is much larger than the spacing d, the rounded edge sections are not 
nearly as significant as they appear here. You can ignore the edges. 
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Problem 5 cOlltilllled ... : Parallel Plate Capacitor 
If we zoom in on some arbitrary scction of the fo lded and ro lled capacitors we will fi nd : 

Folded Rolled 

+V 
gnd 

gnd 

+V 
+V 
gnd 

I 

2 

3 

4 

I',','," """""""""" "" """"""""""""""""""""""""""",,,,,·,,',,,',,,,I+V 
~~~~~~~~§ gnd 

k',','·'·'·'·'·'·'·'·'·'·'·'·'·'·'·'·'·'·'·'·'·'·'·'·,·,·,·,·,·,·,·"',·,:: ... : ............... ,,,,1 +V 
~~~~~~~~§ gnd 

L""",,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·'·'·'·'·'·"""""""""""""'""",:I +V 
~~~~~~~~§ gnd 

I have colored and labeled thc plates to indicate which ones are attachcd together, but 
don't show those attachmcnts (since I' m only looking near thc ccnters of the plates). I 
havc also numbered the central subp lates I through 4. 

Your job in this prob lem is to dctermine which method, if cithcr, makes a better. 
capacitor. You begin by attaching a ba ttclY to each capac itor and charging one plate (now 
fo lded or ro lled) to a potenti al + V relative to the other plate (denoted "ground" or "gnd"). 

(b) In terms of this potentia l +V and the dimcnsions of the subplates (length e, width w 
separated by distance d), what is the electric fi eld everywhere between subplates I 
and 4? 

In a ll cases we are in a planar geometry so the electric fi e ld is simply proportional to the 
potential: E = V I d between the subplates (pointing fi·om high to low potential) and zero 
in the subplates. 

Folded Geometrv: 

Here the neighboring subplates occasionally have the same potential, so the E fi eld is 
zero between these plates. So between I & 4 the only place with a non-zero E fi eld is 
between 2 and 3. There the electric fie ld is Vld upwards (from high to low potential) .. 

Rolled Geometrv: 

Here the neighboring subplates always alternate potential, so the E fi eld is never zero 
between the subplates. It alternates between pointi ng up (between I &2 and 3&4) and 
pointing down (between 2&3). 
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Problem 5 cOl/lillued . .. : Parallel Plate Capacitor 
Folded Rolled 

+V I',',"""""" """""" """""" """""" """""" """"""""""""""" ,',',',1 
gnd 

gnd 

+ V k, """" """"""""., .'.,.,.'.,.,.,.,. """'''''''''''''''''''''''''''"""""" ",','1 
+V I',','·, ······································,,·,',·"" """""" "" """""""" "',',',',1 
gnd 

2 

3 

4 

k,'·' ····································,',',',',','"" "" "" """" """""""""",',',',1 +V 
~~~~~~~~ gnd 

k,·············· ,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·,·"""""""""""",,',' ,','I+V 
~~~~~~~~ gnd 

I,',"""""" """ """" "" "" "" """"""·,·,·,·,·,·,·,·,·"""""""""",,',',',' I+V 
~~~~~~~~ gnd 

(c) For each of the two capacitors, calculate the charge on each of the four central 
conducting subplates pictured above (sub plates 1-4). Where is that charge located on 
each of the subplates? 

Charge is always on the surface of conductors. Wherever there is an electric field E 
between the subplates there wi ll be a chargc on the surface of the subplates such that 
E = cr/ Co' So, using what we kilOW: 

That charge will be positive on hi gh potential surfaces and negative on the low potential 
(gnd) surfaces. So: 

Folded 

~~~~~~~~ -ql O 

~~~~~~~~~ Ol-q 

k'" """""" "" """"""""""""" """ ""., ....... ,., '''"'''''''''''''''''',d +qlO 

k'" ...... :: .. ,.,:':':':,', ',<':': .: .. """"""""""" "" "" "" """" "",""'"'1 Ol+q 

I 

2 

3 

4 

Rolled 

-ql-q 

"""""""""""""" """""""" """""" """ """""""""""""""""',',','1 +ql+q 

-ql-q 

where I have used the notation q IIq2 to indicate the charge on the top/bottom slrrfaces of 
each subplate 

Thus, in the folded geometry each ' gnd' subplate has charge - q, each +V subplate has 
charge +q. In the rolled geometry, on the other hand, each 'gnd' subplate has charge -2q, 
each +V subplate has charge +2q. 
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Problem 5 continued ..• : Parallel Plate Capacitor 
(d) Now that you have calculated the charge on a pair of subplates (for example plates 2 

& 3, which were directly across from each other in the original unfolded capacitor but 
far from subplates 1 & 4) , you can determine the total charge stored in the N total 
pairs of subplates in each capacitor. Do so, and use this to determine the total 
capacitance of each of the two capacitors (folded and rolled) 

Folded Geometry 

Subplates 2 & 3 have equal and opposite charge Iq = ±Sol'w~1 

So the total system has charge IQ = Nq = soN lW~ = SoLw~1 

And the capacitance: Ie ="* = 71 

Rolled Geometry 

We had twice as much charge for the same potential, so we have twice as much 

. Ie 2&. Twl capacitance: = ;; 

(e) Which, if any, of the' capacitors (folded, rolled or the original flat one) is best? Why? 

The folded and· original unfolded capacitors have the same capacitance. The rolled 
capacitor is better because it has a bigger capacitance, meaning it can store more charge 
(twice as much!) for a given potential difference (and given internal electric field). 
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