MASSACHUSETTS INSTITUTE OF TECHNOLOGY
DEPARTMENT OF PHYSICS

Physics 8.022 Spring 2003
Final Exam

Problem 1 (Capacitance and Energy) (20 pts)

Consider a parallel plate capacitor with plate separation
b and a sheet of metal of thickness a, as shown in the
figure. Here, b < a. For this problem, consider the plates
of the capacitor to be large enough so that fringing fields
can be neglected.

a) Does the capacitance of the capacitor nise or fall after the metal sheet is inserted
between the plates of the capacitor?
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b) If the capacitance of the capacitor before the metal sheet was inserted was given by
C, what is the capacitance after insertion of the metal sheet?
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c) Consider a charge an amount of charge +( and —Q placed on the plates of the

capacitor. What 15 the energy stored in the capacitor before and after the metal plate is
inserted between the plates?
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d) Given the equation F = TR where x is the length of the metal plate that is
e

inserted between the capacitor plates, what is the force on the metal? Which direction
does it tend to move the metal plate?
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Problem 2(Conducting plane and a line charge) (22 pts)

Consider an infinitely long line charge parallel to the y axis at a height h above a

grounded conducting plane. “Grounded” means that charge is free to flow into the plane

from a large reservoir of charge, and the potential at the plane is always zero (the
potential at infinity is also zero). The line charge has a charge per unit length of A.
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a) What is the electric field as a function of x for all points just above the plane?
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b) What is the surface charge density as a function of x?
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¢) What is the eiectm-sthaﬁc potential at the position z=h/2, x=07
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Problem 3 (Moving charged lines) (22 pts)

Separation d

Velocity vector ¥

Two infinite lines of charge with charge per unit length A, in their rest frame are

separated by a distance d. These charges are moving in a direction parallel to their length
with a velocity v . This speed could be close to the speed of light!

(a) First consider the case where the wires are not moving. What is the electric force
per unit length that the top line feels due to the bottom line? Give the direction
and magnitude. = A x
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(b) Now consider the case where the wires are moving (with respect to the lab frame)
L{ as described in the figure above. In the lab frame, what is the electric force per
unit length that the top line feels due to the bottom line? Give direction and
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(¢) In the lab frame, what is the magnetic force per unit length that the top line feels
due 10 the bottom line? Give direction and magnitude.
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(d) Write down an expression for the total force on the top wire. Is there a speed at
Lt which the force goes to zero?
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Problem #4 (E and B fields in a parallel plate capacitor) 25 points

A parallel plate capacitor consists of

two square plates of side L and &
separation d, with d << L, so you A
may ignore all fringing fields. The
lower plate has one cormer at the
origin, and lies in the x-y plane with
its edges aligned with the x-y axes;
the upper plate is parallel to the lower
at z = d. The plates arc originally
uncharged, but a source of EMF starts y
moving charge from the lower plate /

to the upper at ¢ = 0. This battery
maintains a steady current I, and the
charge is drawn from the lower plate
and put onto the upper plate evenly €
along their boundaries at x = L.
Assume that the plates have a large /

conductivity so that at any instant the -
charge is uniformly distnibuted. X

(a) What is the surface charge density o(r), and what is the electric field E(t )?
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(b) By symmetry, and the fact that the charge at x =0 gets there by being
injected at x = L, there must be surface currents K(x) (current per unit
y-length) in the two plates. What are the surface currents Kp(x) and K
(x) in the bottom and top plates? (Hint: the elegant way to solve this
uses the continuity equation and ofr) from part a )
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(c) What is the magnetic ficld B(x) between the plates?
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Problem 5 (Impedance and Resonance) (21 pts)

a) What is the complex impedance of
the combination of circuit elements, R,
L, and C shown on the right? Please ra-
tionalize the expression into separate
real and imaginary parts.
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b) What is the current, I (the actual and not the complex current,) flowing through the cir-
cuit? Plaasfe give an e:xprcssmn for the phase angle.
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¢) Explain the low and high frequency behavior of the phase shift of the current in terms
of the currents through each of the circuit elements.
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Problem #6 (Power and inductors) (20 pts)

In the schematic on the left, the switch S has
been closed for a very long time, and then it is
opened at ime =0, R

(a) Calculate the power dissipated in the .

resistors R and R; before the switch is ——
opened.
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(b) Find the energy in the inductor immediately after the switch is opened.
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(c) Calculate the power dissipated in the resistors R; and R, after the switch is opened
and as a function of time.

Cuwmlr 34'&3 L{: é.l_c,a:):
Yely = &
¥) L e |~ (R +2)t Jq

P T'@) [ +2)

___.__-_-—-—-'—_1"-_-___._
P L [erewd) ﬂr{-ua.m\tﬂ




(d) Show that the total energy dissipated equals the result in (b).
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Problem 7 — Square wire loop in a non-uniform magnetic field (20 pts)

In the figure on the right, there <
exists a static magnetic field of A
the form:
B=Bx:
That is to say, that the B-field y

points in the z-direction and
increases in strength as you move
in the x-direction. A rigid, square,
wire frame of side [ lies in the

x-y plane with its center at the -
point (x,, ¥,,2=0). -~V

a) Compute the magnetic flux that pcrin!s that resulting from magnetic field
threading through the loop in the ? dg?ctmn
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b) Next, suppose that the frame, still lying in the x-y plane, moves with a constant
velocity v = v,x. Compute the magnitude £ of the EMF generated around the
frame.
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c) Suppose that the frame has a resistance R and a self-inductance L. Find the current
in the loop after it has been moving for a long time (long compared with L/R) with

constant velocity ¥ = v, x.
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d) Find the magnetic force on the frame after it has been moving for a long time with

constant velocity ¥ =v,x
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Problem #8 (Power in a coaxial cable) (25 pts)

A coaxial cable transmits DC power from a battery to a load. The cable consists of two
concentric long hollow cylinders of zero resistance: the inner has radius a, the outer has
radius b, and the length of both is L. The battery provides an EMF £ between the two
conductors at one end of the cable. and the load is a resistance R connected berween the
two conductors at the other end of the cable.

(a) How much power P is dissipated in the resistor?
e
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(b) What are E and B in the cable (in terms of £, R, ¢, etc.)? You'll need to

determine the cable capacitance in order to figure out E.
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(c) What is the Poynting vector § in the cable?

N S;'&fxﬁ
< —egE o £
Bl = SR nnny P e
Aret R O () hw@
= Vv dy
. ¥ E
2
N SL &
(R-D-MUD[L\ a "4




