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Solutions to Problems

Part A

Question 1

a. There is a high degree of symmetry present. Points b, ¢, and e are at the same potential;
similarly, points d, f, and g are at the same potential. The circuit then reduces to a series
connection of three parallel resistor clusters.

The three parallel clusters have effective resistances of 1 €2, 8/5 2, and 1/3 Q. The effective
resistance of the circuit is then 44/15 .

b. After a long time no current will flow through the branches of the circuits containing capaci-
tors. The circuit then reduces to a parallel connection of three series resistor clusters.

The effective resistance of the circuit is 4 2, the current through the circuit is then
(12V)/(4 Q) =3 A. (A1-1)

The three branches are identical; each then carries 1 A.

The potential drop across each capacitor is the same as the potential drop across the 8
resistors, so

Ve=(1A)(8Q) =8V. (A1-2)

Finally, the charge on each capacitor is

Q = (15 uF)(8 V) = 120 uC. (A1-3)
Question 2
a. Two parts, solved individually.
i. Isochoric compression: P -
Ff = ?’: (A2-1)
SO P
T= P Tp. (A2-2)
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ii. Adiabatic compression:
PV7 = const, (A2-3)

where v = Cp/Cy = (Cy +1)/Cy = 5/3 for a monatomic gas. Consequently

RL) = P,L", (A2-4)
and then 5/3
Py
L=1L . A2-5
" (Pcr> (A23)
b. The normal pressure on the bullet comes from
P= 5—TE (A2-6)
Te

Therefore, the normal force on the bullet is

or
Fy = T—E X (27rch), (A2-7)

and finally the force of friction is uFy. The force due to the pressure difference between the
inside of the barrel and the outside must equal the normal force, so

(772)(Per — Po) = 2mhp 61 B, (A2-8)
and then ouEh
P = Py + o (A2-9)
T

Cc

Question 3
a. If the sphere has radius r, it has charge

4
q= 577,01“3 (A3-1)

and thus its surface is at electrostatic potential

2

q pr

= = — A.3_2
dmegr  3€g ( )

To increase the radius by dr, an additional charge dg = 4nr?dr must be brought in from
infinity, requiring work
4rrd p?

dU =V dq = dr (A3-3)
360
Thus to grow the sphere from r = 0 to r = R requires
R 4mpdp? 47 RS p?
= dr = A3-4
v /0 360 " 1560 ( 3 )
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b. Each drop has volume V; = %TrR?), so the number of drops is

_Y_ v
- Va  irnR3

n (A3-5)

Since we are ignoring inter-drop forces, the total energy of the drops is simply the sum of the
energies of each individual drop:

Vi 4TRPp?  R2p?

Uetot =nU = = V A3-6

extot =10 %WR3 15¢q 5¢p ! ( )

c. Each drop has surface area 47 R? and thus surface tension energy 4w R?y. As before, the total
energy due to surface tension is just the sum of the energies of the individual drops:

V 3y
Us.tot = 4 R?yn = 4 R2y—L = 21V, A3-7
Jtot T YN 0 V%TFR?’ R ( )
d. The total potential energy from both sources is
R2p2 3,)/
Uit = — | V] A3-8
tot ( 5o " R) ! (A%5)

Equilibrium is reached when the total energy is a minimum; since U — oo at both R — 0
and R — oo, it must have an interior minimum.

Setting this equal to zero, )
25}2 — % (A3-10)
R3 = 1;2260 (A3-11)
R= (1;50); (A3-12)

Question 4

a. The electric field between the plates is given by E = V/d. The force on the charged ball is
then F' = Eq = Vq/d. The acceleration of the ball is a = V¢/md.

Kinematics gives us d = at?/2 for the time of flight. So

t=1/2d/a=\/2md?/qV. (A4-1)

b. The kinetic energy collected by a ball will be K = ¢V as it moves between the plates. That’s
what will be dissipated.
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c. The current is given by I = AQ/At. The total number of balls is N = ngA, where A is the
surface area of a plate. The charge AQ is then AQ = nggA, so the current is
AQ nogA
I= = . A4-2
At \/2md?/qV ( )
We can’t stop here, since this is not in terms of the allowed variables. The problem is A and
d, but since C' = €gA/d, we have

nogqA
I L A4-3
V2md?/qV ( )
A qV
- = A Ad4-4
d noq 2m7 ( )
C qV
- = EAS A4-5
09 5 (A4-5)
d. R=V/I, so
\%4 eV [2m
R=—= —. A4-6
I Cnpql\ qV ( )
We can simplify, slightly, with
€0 2mV
= - A4-7
Cnog\ ¢ (A47)
e. P=VI, so
2, 2072,31/3
p=v gV =[O0 CTa V. (A4-8)
€0 2m 2m
Part B
Question 1
a. To not slip, from a free-body diagram, we must have
wmgcosf > mgsin @ (B1-1)
SO
> tané. (B1-2)
Therefore p. = tan 6 and hence
tan 6
= ) B1-
> (B1-3)
b. In one cycle the energy input into the system is
MgLsin#, (B1-4)

the energy of the block dropping.
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The energy loss on the way up is

Lumg cos 6 (B1-5)
and the energy loss on the way down is
Ly(m + M)gcos 6 (B1-6)
Thus
MgLsin® = Lumgcos6 + Lu(m + M )g cos 6 (B1-7)
and since 2 cosf = sin 0,
M
M o= A (B1-8)
2 2
= 2m, (B1-9)
R = M/m=2. (B1-10)

c. The period of a mass m oscillating on a spring of spring constant & is

T = zm/%. (B1-11)

In this case, the friction force is constant on both the up and down trips, and so each trip is
simple harmonic (with different equilibrium points). Hence

Ty, = w,/%+m/37m, (B1-12)
T = 27”/%, (B1-13)

T/ = L +2‘/§. (B1-14)

d. As mentioned in part (c¢), both the up and down trips are simple harmonic, this time with
a mass of m both ways. The equilibrium points for the two trips are different, however. On
the up trip, the equilibrium point is clearly at a distance L/2 from B, since the plate stops
at both B and A and hence those are the endpoints of the oscillation and the equilibrium is
halfway between. For the trip down, the equilibrium point will shift by a distance y such that

ky = 2umgcos = mgsin 6 (B1-15)

because 2umg cos 6 is the difference between the friction forces on the trip up and the trip
down.

The place where the plate finally comes to a stop is the first place that is at the end of an
oscillation (either up or down) and where the total force being exerted by gravity and the
spring is less than the maximal force of friction. For that to happen, the plate needs to not
have gone past the other equilibrium point during that oscillation.

So we start by determining where the endpoints of the oscillations are. For the first trip up
these are B and A. For the following trip down, the plate stops at a distance of (2mgsin@)/k
from B (because the equilibrium shifts up by (mgsinf)/k. For the following trip up, the
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plate stops a distance L — (2mgsiné)/k from B, since the equilibrium point is again in the
middle of the incline. And so forth.

Thus the stopping points are located at
n(2mgsinf)/k and L —n(2mgsiné)/k (B1-16)
for integer n. The plate will stop permanently once either
n(2mgsin)/k > L/2 (B1-17)
or
L —n(2mgsin)/k < L/2 + (mgsinb)/k, (B1-18)

whichever happens first. (The first condition corresponds to going down and ending up above
the midpoint at the end of the down trip, the second condition corresponds to going up and
stopping below the upper equilibrium.) The second condition can be rewritten as

1
(n + 2) (2mgsin®)/k > L/2. (B1-19)
Question 2
a. Magnetic Moments
i. From Coulomb’s Law,
2
e
R B2-1
dmeg R? ( )
ii. For circular motion,
F— mev? Ruw? B2-2
= Ml — R, (B2-2)
The force is provided by the Coulomb force, so
2
5 e
meRwD = W’ (B2-3)
2
e
= S — B2-4
wo 4dreqgmeR3 ( )
iii. From the law of Biot and Savart,
- Moi ds x 7
B, = *— B2-5
.= et (B2-5)
_ Mol R i
B, = in 27rR(Z2 2 (B2-6)
poi R
~s ) B2-7
5,3 (B2-7)
For the current, ¢, we can write
q  €ewo
=== _— B2-8
! t 27 ( )
Then )
poewo R
B.="——7— B2-
© 4mz3 (B2-9)
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iv. By substitution,

— (B2-10)

b. Diamagnetism

i. If half go one way and half go the other, M = 0.

ii. Additional force from magnetism,
FB = quO = eRwBo (B2—11)
modifies previous central force problem to give

meRw? = ¢ 4 eRwy By, (B2-12)

where the positive sign corresponds to anticlockwise motion, the negative to clockwise
motion.

A little math,

meR(w? —w?) = +eRwBy, (B2-13)
Me(w — wp)(w+wp) = ZewBy, (B2-14)
me(Aw)(2wg) = =ewpBy, (B2-15)

where in the last line we have used the approximation w =~ wg. Then

6B0
Aw =+ . B2-16
W=ty ( )
iii. The emf is given by
Ad  An
=n—=——>= B2-1
E=rar T MY (B2-17)
but An/At is a measure of the number of turns made by the electron in a time interval
At, so
An  woR  wy
=0 0 B2-18
At 2rR 27 ( )
Then 1
“o 2 2
£ 5 Domit” = Swobo R (B2-19)
iv. The change in kinetic energy is given by
1
AK = A (2mew2R2) , (B2-20)
= m.R*w Aw, (B2-21)
~ meR%wy Aw, (B2-22)
B
= mewoR (i ¢ 0) , (B2-23)
2me
= €. (B2-24)
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v. AM = Ndom, where N is the number of atoms, and Am the change in magnetic moment
in each. The change is

Am = A(“‘J;R) (B2-25)
- ?Aw, (B2-26)
- ezfnifo, (B2-27)
SO
AM = NBZZBO (B2-28)

vi. Repelled, by Lenz’s law.
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