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Problem 1.
A small ball of mass m is attached to a massless string of length L V {A
and charged with a positive charge ¢. A positive point charge QO is Q
placed at the pivot of the pendulum. An infinite horizontal plane with

a uniform positive charge densityc is placed below the pendulum.

The charges are such that, when the pendulum is at rest, the string L
is under tension.

(a) Calculate the force of tension in the string. m ‘ q

The force of tension is equal
1 Qg oq

dreg L2 2¢

F=mg+

(b) Calculate the period of small oscillations of this pendulum, taking into account both the
force of gravity and the electrostatic forces.

The restoring force is a combination of the force of gravity and the force of repulsion from the

plane. The force due to the point charge Q plays no role because it is always orthogonal to the

displacement, and it does not contribute to the restoring force. For a small displacement

O~a/L

the restoring force is

F=—(mg— ﬂ) sinf ~ —(mg — —q)0 ~ —(m
2¢€ 2€

The equation of motion is

d2
mﬁx = —kegx
where
oq.1
ke = - — )=
g = (mg 260)L

This is identical to oscillations of a mass attached to a spring.

The period of oscillations is

m mL L
T =27 =27 =27
\/ Kegt \/mg — 0q/(2¢) \/g — 0q/(2¢pm)
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Problem 2.

A drinking fountain shoots water to the height %, up in the air from a
nozzle of radius r,. The pump at the base of the unit, at height #,
below the nozzle, pushes water into a pipe of radius r,.

(a) What is the speed of the water coming out of the nozzle?

———> >

Using Bernoulli’s equation for the water going from height 71 to height
hi + h2, one can write:

Ny

—— ——

1 1
Py + pghi + §PU% = Py + pg(h1 + ha) + 5/07}5

where v2 =0 and P1 = P> = Patm. Therefore,

U1 = 29h2 G

(b) What gauge pressure does the pump have to provide? (lgnore viscosity.)

<_

, o . 2 2 . (27,2
Using continuity equation, ™"1V1 = TToV0, we obtain Yo = (r1/75)v1. Now let us use
Bernoulli’s equation

1 1
Py + pgho + 5,01}3 =P + pgh1 + 5,01}%

where Pi = Patm and ho = 0, and V1 = V 29h2 . This gives

1 2 9 1 r’"i‘ 2 Til
Py—Papm = pgh1+5p(v1—vo) = pgh1+§ 1— i) vi=rg hi+hy(1——
0 0
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Problem 3.

On a remote planet, the atmosphere is different from Earth, but it allows life to exist. The speed
of sound on this planet is vs = 100 m/s.

(a) A spacecraft is flying horizontally at a height of 1 km with a speed of 200 m/s. How far
will the spacecraft be from an animal on the surface, when the animal hears the sonic
boom? (Calculate the actual distance, not the projection on the ground.)

The angle of the shock wave is given by Si 0 = vs/Vspacecratt = 1/2 The distance to

the spacecraft is
L =h/sinf =2km

(b) When the spacecraft preparing for landing slows down to a speed of 10 m/s heading
directly toward an animal, it emits a sound of frequency 1.0 kHz to warn and to scare the
animal away. What frequency will the animal hear?

The frequency is Doppler shifted to 1.1 kHz
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Problem 4.
A non-conducting sphere of radius a with a constant

positive charge density p has two identical hollow spherical
cavities (with zero charge density), as shown in the figure.

(a) What is the magnitude of the electric field at point O
in the center of the large sphere?

Each cutout is equivalent to a negative charge

47b°p/3 . The sphere without the cutouts
contributes zero to the electric field in the center.

Each cutout contributes
1 4mwpb®/3 1 pb®

Ey| = ==
121 Amey  d? 3eg d?
The total electric field is a vector sum of two identical vectors at 45 degrees to each
other:
2 pb?
E = V2 pb?
360 d2

(b) Show the direction of the electric field by drawing an arrow in this circle:
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Problem 5. Every capacitor in the circuit has the same c c
capacitance C: C,= C,=C,=C,=Cs=C ||2

(a) Calculate the equivalent capacitance between points
A and B when the switch is open. C1:: —

Ceg=CI3+C/2=(5/6) C T

(b) Calculate the equivalent capacitance between A and B when the switch is closed.

The circuit is equivalentto C,+C;=2C and (1/2)C + C = (3/2) C connected in a series.
Hence, C., =(6/7) C .

(c) If the potential difference V ,, =V is applied between points A and B when the switch is
open, what is the charge Q, on capacitor C,?

The three equal capacitors are connected in a series and share voltage V. This means
the voltage on C,is equal V'/3. Therefore, O, =CV/3.



Problem 6.

Three identical resistors R, =R, =R; =R and

three identical capacitors C, = C,=C;=C are
connected to an ideal battery with emf £ as +
shown in the figure. Express all answers in _ T

terms of 11, C, &

(a) Assuming that enough time has elapsed for the currents to be constant, calculate the

currents /,,1,,1; in the resistors R|,R,,R;, respectively.

&
[1213:ﬁ

1,=0

(b) Calculate the total charge stored in the three capacitors combined (O = 0, + O, + 05 =?).

The voltages on the capacitors are 5/2, 5/4, and 5/4, respectively, and so the sum of

the charges is
Q=Q++Q3=C(E/2+E/4+E/4) = CE . Thisis the correct answer.

(There is no ambiguity in the problem; it explicitly asks for Q=0Q:1+Q1+Q3, However,
some students could potentially get confused and calculate the charge on the “equivalent”

3C
capacitor " +C/ 2 . The voltage is equal the potential drop on R, (there is no
3CE
=C V="
currentin R, ): V = Rel2 = E€/2 sp, Qeq = Ceq X T

To be fair to all, we will accept both solutions as correct solutions. )

(c) A slab of dielectric with the dielectric constant K is inserted into the parallel-plate
capacitor C; , so that it fills the entire space between conducting plates. Calculate the
electrostatic potential energy stored in capacitor C; with the dielectric inside.

The new capacitance is Cy=KC The charges on C2 and C3s are equal to each other and

equal ¢, but the voltages are not equal, and
q g _K+1g

/ 2+ Vs C+KC’ K C'. From this equation, one can find

_KCV _ KCE pp_ € _ KC&
1+ K 2(K+1) Therefore, 2KC  8(K +1)2,

q
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