
Final Exam

Laser Cat Special
Beaufort Edition

Physics 54.01
Robert G. Brown

August 7, 2009

I have neither given nor received help on this test.
Signature:

Print Name:

Note: There are three “work sheets” appended. Use them to redo problems, as additional scratch
space, or for extra credit problems.

Meta-Instructions: Read all of the instructions before beginning.

Instructions

Value: This final contains 300 points. Its ultimate value to your grade, of course, depends.

Short answer questions: Answer all of the short questions with a sentence or two and/or an equation
and/or a figure. Long answers are not necessary or desirable, but precision and correctness are.

Problems: You must answer seven (8) out of the ten (10) long (25 point) problems. Clearly
indicate the 8 selected for primary credit by circling them. Some of the problems also contain
optional extra credit sections. Trying these sections if you have time cannot hurt you and might help
you. . .

Hints: Use good testpersonship. Do something on all eight problems – don’t leave a required problem
blank. Show me what you know. Solve problems algebraically FIRST and only at the end, if you
have time, substitute in the numbers (if necessary). If NONE of the problems below suit you, make up
one (on the extra sheets attached) that shows me that you learned SOMETHING and solve IT. I may
give you some credit for that, and it beats a blank page or obvious flailing on a problem you really are
clueless on.

If a problem confuses you, ASK for clarification.

Above all, remain calm. Fear destroys the ability to think clearly and neither I nor the test is your
“enemy”. Treat the test as a puzzle, or a game, that doesn’t really “matter” in the long run. Have fun,
if at all possible. Good Luck!



Short Answer Questions

5 points Each

Answer the following short questions. Each answer can be an equation, and/or a sentence and/or a
diagram as indicated or appropriate. Long answers are not necessary or desirable, but be precise.

Short Problem 1.

What is Gauss’s Law for Electricity?

Short Problem 2.

What is Gauss’s Law for Magnetism? What experimental observation does it embody?

Short Problem 3.

What is Ampere’s Law? Circle Maxwell’s Displacement Current only within.

Short Problem 4.

What is Faraday’s Law? Circle Lenz’s Law within.

Short Problem 5.

What is the potential energy of an electric dipole p placed in an electric field E?



Short Problem 6.

What is the energy density of the magnetic field?

Short Problem 7.

A small (laboratory scale) Van de Graff electrostatic generator can easily generate a million volts,
and yet they are safe to touch. A nine volt battery misused, on the other hand, can kill you. Explain.
(In particular, what is it that kills you?)

Short Problem 8.

Oh no! You are working hard on your physics final and in storms two geeks wearing spandex tights
and carrying laser cats. Fortunately you recognize that these cats are a particular breed that emits
horizontally polarized light that is two weak to burn you but can still blind you if it strikes you
square in the eyes.

Yikes! The pudgy, acne-scarred geek wearing the metallic green tights is pointing his cat straight at

your eyes. All you have to defend yourself is several pairs of metallic purple heart-shaped polarized
sunglasses that are sitting in a treasure chest right in front of you. You have at most a second or
two to act before you either choose wisely or lose your vision forever, as the geek fumbles for the,
um, “firing mechanism” that annoys the cat enough to trigger a laser blast.

Should you put one pair of the sunglasses on normally, or should you hold two pairs of sunglasses
up sideways, one to cover each eye, in the brief time you have before the cat emits its fatal blast?
Draw a picture indicating why your answer is correct, assuming that the sunglasses are polarized to
reduce reflected glare as usual.



Short Problem 9.

Draw an approximate graph of the average power Pav(ω) dissipated in a series LRC AC circuit with
a resonance at frequency ω0 when Q = 8. The figure should not be insanely out of scale for the value
of Q – giving me an expression that relates Q to ω0 would help me believe that you understand
what I’m looking for.

Short Problem 10.

Find the total resistance of four resistors R arranged in two sets of two resistors in series, in parallel.

Short Problem 11.

Draw the four phasor diagrams that correspond to interference minima for the five slit problem.
Indicate the (modulus 2π, that is, only the first four) angles δ = kd sin θ for which these minima
occur.

Short Problem 12.

A charge q is sitting a short distance away from an uncharged conducting sphere. Is there a force
acting on this charge, and if so, in what direction (towards the sphere or away from the sphere).
Indicating why you answer what you answer, with a picture to illustrate what happens, is a good
idea.



Short Problem 13.

A charge q is sitting at rest in a cavity inside a conductor shaped like a laser cat head. What is the
potential difference between a point on the laser cat’s nose and a point on the laser cat’s ear?

Short Problem 14.

Give three equivalent expressions for the total energy stored on a capacitor in terms of any two of
Q, C, V .

Short Problem 15.

You need to recharge your laser cat in order to use it to battle your enemies. The cat has to be
connected to a voltage of at least 1200 volts AC in order to recharge, but all you have handy is a
120 VAC wall socket, a big spool of magnet wire and – amazingly enough – a neatly laminated flux
core of a transformer. You wrap the primary (120 V input) coil with 100 turns. How many turns
should you wrap the secondary with in order to defeat your enemies and save the galaxy?

Short Problem 16.

Speaking of that laminated flux core – why is it laminated? What specific problem does laminating
it (building it out of thin metal plates separated by insulating epoxy) solve?



Short Problem 17.

A conducting loop of wire (with a small but finite resistance) sits in and perpendicular to a powerful
magnetic field. You grab the loop and try to pull it out of the field. The loop (circle one):

1. Resists your attempt and heats up as you move it.

2. Resists your attempt and remains at the same temperature.

3. Is expelled from the field in the direction you pull.

4. Is expelled from the field in the opposite direction to your pull.

5. Does not move.

Short Problem 18.

What is Rayleigh’s Criterion for Resolution? Draw a picture to illustrate two minimally resolved
images of e.g. a star viewed through a telescope.

Short Problem 19.

Sunlight of intensity 1000 W/m2 is incident on a solar panel of area 1 m2 at an angle of π/3 = 60◦

relative to a normal to the panel surface. The efficiency of the panel is 10%. How much power does
the panel deliver?

Short Problem 20.

Pyrates have invaded Beaufort! Armed with laser cats, they have driven us all into hiding on Carrot
Island. There, we have befriended the horses and survive on flounder and wild asparagus. However,
we are getting tired of eating sushi and want to start a fire by concentrating the rays of the sun on
a piece of dried horse manure (the only thing on the island that it is legal to burn). Should we use
Nada’s glasses (who is nearsighted, recall) or my glasses (I’m presbyopic/farsighted) to start to fire
and cook our hand-caught flounder?



Problem 1 (25 points)

V

You are given an electronic parts box containing compartments containing 1 ohm, 10 ohm, 100 ohm, ...
1,000,000 ohm resistors. The box also contains compartments of inductors of 1 millihenry, 10 millihenries,
..., 1,000,000 millihenries and capacitors of 1 nanofarad, 10 nanofarads, 100 nanofarads, ... , 1,000,000
nanofarads.

Use any parts from this box that you wish to design a low pass filter that cuts off frequencies larger than
approximately ω = 104 radians/second. Draw its schematic and clearly indicate where one should place
a resistive load that matches the resistor you choose so that it gets significant current at low frequencies.

You may consider the frequency cutoff to occur when I(ω = 104) =
√

2I0

2
where I0 is the current at

zero frequency. Prove (algebraically) that your design and the values you select for the components are
correct.



Problem 2 (25 points)
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A point charge of −q is located at z = −a on the z-axis and a point charge of +q is located at z = +a.

1. Write down the potential at an arbitrary point in space in spherical coordinates (r, θ, φ).

2. What is the leading term in the expansion of the potential for r ≫ a, expressed in terms of the
dipole moment?



Problem 3 (25 points)

a

b

V

−

+ C?

A spherical capacitor has inner radius a and outer radius b. A potential (battery) V is connected to
create a potential difference between the two conductors.

a) Find (derive!) its capacitance of this arrangement. Show All Work! Use the Arcane Rituals practiced

in class and on the homework!

b) Show that when b = a + δ with δ ≪ a the capacitance has the limiting form C = ǫ0A/δ where A is
the area of the inner sphere and δ is the separation of the shells.



Problem 4 (25 points)
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objective eyepiece

Amoeba

The arrangement of lenses that makes up a compound microscope is pictured above. The focal lengths
of the objective and eyepiece lenses are fo = fe = f = 1 cm. The tube length is L = 9 cm.

a) Find s (the object distance from the objective lens) such that the final image viewed by the eye is in
focus (at infinity, as imaged by the eyepiece).

b) Draw the ray diagram from which you can find the overall magnification (try to use a straight edge
to do this).

c) From this diagram and your knowledge of the separate purposes of the two lenses, find the overall
magnification. Explain each part (that is, what are the separate roles of the objective and eyepiece).



Problem 5 (25 points)
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Light with wavelength λ = 300 nm passes through two slits of a width a = 900 nm. The centerpoints of
these two slits are separated by a distance of d = 2700 nm. The light then travels a long distance and
falls on a screen. It is not necessary (for once) to derive or justify the equation(s) you use below, but if
you do you will get partial credit even if your answers are wrong.

a) Write down (or derive) the formula from which the angles at which diffraction minima occur can be
found, and apply it to find all these angles (put them in a table).

b) Write down (or derive) the formulas from which the angles at which interference maxima and minima
occur, and apply them to find the first three of each (put them in a table).

c) Draw a qualitatively correct picture of the expected diffraction/integration pattern I(θ).



Problem 6 (25 points)
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Two infinite flat sheets of current carry equal and opposite currents into the board and out of the board
as shown. The currents per unit of (x-directed) length are λ.

• For one sheet (say the top one) deduce from the symmetry of the sheet the direction of the magnetic
field this sheet would produce above and below the sheet.

• From the symmetry of this sheet and this direction, choose a suitable amperian path of integration
and find the magnetic field (of just this one sheet) above and below the sheet, magnitude and
direction.

• From the superposition principle, find the magnetic field of both sheets at all points in space.



Problem 7 (25 points)
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A rod of mass m, resistance R and length L is sitting at rest on frictionless rails in a magnetic field as
shown. At t = 0, the switch S is closed and a voltage V applied across the rails. Show all work while
deriving the following results, clearly indicating the physical law used and reasoning process. Neatness
and clarity count.

a) What is the net voltage across the resistance R as a function of |~v|?

b) What is the current I in the loop as a function of ~v?

c) What is the force ~F on the rod as a function of ~v?

d) What is the terminal velocity of the rod as t → ∞?

10 points of extra Credit: Solve the first order, linear, ordinary, inhomogeneous differential equation and
find the velocity of the rod ~v(t) as a function of time. Draw a qualitatively correct curve showing this
function and show how it corresponds to your answer to d).



Problem 8 (25 points)
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A spherical shell of inner radius a and outer radius b contains a uniform distribution of charge with
charge density ρ.

Find both the field and the potential at all points in space.



Problem 9 (25 points)
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Find the three currents I1, I2 and I3 in the figure above, and clearly indicate their direction on the
figure. Note that you’ll likely have to assume a direction for each current in order to solve the problem,
so go back and put your final direction(s) back in on the figure when you are done!



Problem 10 (25 points)
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A candle 5 cm high is placed 20 cm in front of the center of a thin lens. The lens has a focal length of
+40 cm.

a) Find the location s′ of the image, its magnification, and indicate whether the image is real or virtual.

b) Draw a ray diagram to locate the image in agreement with your answers to a. Be sure to include 3
rays that uniquely specify the image location.



Extra Work Page 1

Instructions: Do not detach. If you run out of room on any problem, indicate a continuation to this
page (EWP 1) and indicate the problem continued below. The backs of all pages can be used for scratch
work.



Extra Work Page 2

Instructions: Do not detach. If you run out of room on any problem, indicate a continuation to this
page (EWP 2) and indicate the problem continued below. The backs of all pages can be used for scratch
work.



Extra Work Page 3

Instructions: Do not detach. If you run out of room on any problem, indicate a continuation to this
page (EWP 3) and indicate the problem continued below. The backs of all pages can be used for scratch
work.


