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PH315: Homework 0 — Problem #1

Introduction to Gradescope

This homework problem is a chance to try uploading your homework to grade-
scope. But as long as you have to write something and scan it, I may as well learn
something from you.

(a) What name do you prefer to be called by?
(b) What pronouns do you prefer to be called by?

(c) If the pronunciation of your name is possibly confusing, can you describe
how I should pronounce your name? You might also consider making a
recording of the pronunciation of your name on the Name Coach tab in
Canvas.

(d) Is there anything else that you think I should know about you?

Scan and upload your answers to Gradescope using the Gradescope tab in Can-
vas. You can use the scanner in Weniger 304F or a scanning app on your cell
phone; Gradescope offers advice and suggested apps at this URL. The preferred
format is PDF; photos or JPEG scans are less easy to read (and much larger), and
should be used only if no alternative is available.) On Gradescope, you will be
prompted to associate submitted pages with problem numbers by selecting pages
on the right and questions on the left. (In this assignment, there is only one of
each.) You may associate multiple problems with the same page if appropriate.

If you have problems with this process, please contact your instructor or teaching
assistant.



PH315: Homework 0 — Problem #2

Scale Reading Assignment

Read this 3-page excerpt from the book |“Scale” by Geoffrey West), then answer
the following questions:

(a) When modeling the motion of a planet, what is a property of the planet we
can ignore without causing significant error? Conversely, what is a property
of the planet we cannot ignore if we wish to predict the planet’s motion?

(b) Physicists created a “toy model” to describe gases. The model is considered
“coarse-grained” because it ignores many details. List one or more physical
properties of gas molecules that the model ignores.

(¢c) Why do physicists use toy models and zeroth-order approximations?


https:// courses.physics.oregonstate.edu/media/figures/scale-by-geoffrey-west.pdf

PH315: Homework 1 — Problem #1

Tea Kettle

The specific heat capacity of water is 4.2 giK. A typical tea kettle adds heat to the
water at a rate 1000 J/s. If there is 1 kg of water in the kettle (4 cups of water),
calculate the rate that the temperature rises. Give your answer in units of kelvin/s.

Sense-making: Put it in context — At this rate, how long would it
take to heat up a kettle for making tea? Does this seem like a realistic
number?



PH315: Homework 1 — Problem #2

Piano Tuners in Chicago

In a fabled story about Enrico Fermi (famous physi-
cist), Fermi was asked how many people work as
piano tuners in Chicago. Fermi did some mental
arithmetic and quickly answered the question with
surprising accuracy. He multiplied the population B
of Chicago by his best guesses of 5 different pro- &
portionality constants (or the inverse of these con-
stants). These proportionality constants included:

e pianos per household
e hours of work per piano tuning job

e total hours worked by a piano tuner per year

(a) Describe (in words) the two other proportionality constants that Fermi
would need for his estimate.

(b) (Long answer format) Try doing the calculation yourself by assuming 0.1
pianos per household.

Assume there are 2 million people in Chicago and make your own reasonable
estimates for the other proportionality constants. For example, you might esti-
mate 2 people per household, or you might estimate 4 people per household—but
you would not estimate 10 people per household. Please round numbers at each
step of the calculation, because a 5% calculational “error” will be smaller than
the 10-30% uncertainty in each approximation. Walk through each step in your
calculation. For example,

2 x 108 1
people = 0.7 x 10% households

3 people per household



PH315: Homework 1 — Problem #3

Wave Energy

The ocean swell lifts water against the force of gravity and makes water move in
circular patterns. Energy can be harvested from this ocean swell: gravitational
potential energy and kinetic energy are both available (see Chapter F of MacKay).
Imagine I draw a line in the ocean that magically absorbs all of the energy asso-
ciated with the swell, effectively flattening the waves.

If the line is parallel to the crest of the waves and has length L, the time-averaged
rate that energy must be absorbed to flatten the swell (energy per time) is

1
energy per time = Z,oghQUL
where p is the density of water, g is the acceleration due to gravity, h is the height
of the wave crest compared to flat water, v is the velocity of the wave crest. This

equation is derived on page 307 of Sustainable Energy by David McKay.

A real device for harvesting wave energy can achieve an efficiency

0.5J (electrical energy)

efficiency = 1J (wave energy)

Assume that typical Oregon deep-water waves have v = 15m/s and h = 1m.
Estimate the electrical power that Oregon could capture if we built wave farms
along the entire coast. Give your answer in J/s. There is 10-20% uncertainty in
the estimates of v and h, so the precision of your calculation and the final answer
should be consistent with respect to this uncertainty.

Sense-making: Make a Comparison — Divide your answer by
the population of Oregon. How does the wave energy production rate
compare to the rate that people are using energy (see the class notes
from Conservation of Energy: First Law of Thermodynamics)?



PH315: Homework 1 — Problem #4

Heat Loss from a Single-Family Home in
Winter

Consider a house that is 50 feet by 50 feet wide, and 10 feet tall. A typical house is
thermally insulated with R-15 walls and an R-30 ceiling. Translating the R-values
into standard-international (SI) units for heat conductance per unit area:

W
m2 K

W
m? K
Based on the units listed above, and the context (thermal insulation), you can
visualize the meaning of these proportionality constants. For example, if there is
a 1 kelvin temperature difference between inside/outside the house, every square
meter of wall will leak energy at a rate of 0.4 J/s. Doubling the temperature
difference, or doubling the wall area, will double the leak rate.

wall conductance per unit area = 0.4

ceiling conductance per unit area = 0.2

If indoor temperature is 293 K (68 °F), and the outdoor temperature is 273 K (32
°F), how fast does heat energy leak out of the house (joules/second)?

For this question, please assume the floor is perfectly insulated so that no heat
leaks out of the floor.

Sense-Making: Put it in context — How many small, portable
heaters are needed to heat this house? (Assume the heaters convert
electrical energy to thermal energy with an efficiency fraction of 1 and
a rate of 1 kW). Does this seem like a realistic number of heaters?



PH315: Homework 1 — Problem #5

Three Ideas for the Term Project

This problem is not due today, but I'd like you to start thinking about it
for next week! Read the description of the term project on the class website at
Introducing the term project. Identify three (3) subjects that you find interesting
(for example, solar energy, exoplanets, ...). Within each subject, pose a question
that might have an interesting quantitative answer: ”Since it requires energy to
make a solar panel, how long does it take to recoup that energy?”, ”How far away
could we see an Earth-like planet orbiting a Sun-like star?” ... You should turn
in 3 different subjects and 3 different quantitative questions (quantitative means
”quantities that can be calculated and/or measured”).

Let your mind wander as broadly as possible. Subjects and questions are not
restricted to the topics taught in PH315. During this exploratory stage, be bold
and daring; you are not committing yourself to solve all 3 questions. To spark your
imagination, there is a list of ideas on the class website. The instructor will read
your ideas and give you feedback. Whenever possible, the feedback will point you
towards a coarse-grained model that is helpful for answering your question. Use
the feedback to help decide which question you will develop further (or whether
you need to go back to the drawing board).



PH315: Homework 2 — Problem #1

Transport (2pts)

In this question you’ll compare the energy used by an electric bicycle traveling 15
miles at 15 mph to the energy used by an electric car traveling the same distance at
60 miles per hour. Find the ratio of the two energies. I'm looking for a numerical
value of the ratio, based on the coarse-grained model for transport and clearly
stated assumptions.



PH315: Homework 2 — Problem #2

Could the Sun be a Ball of Gasoline? (5pts)

(long-answer format)

Electromagnetic radiation energy from the Sun arrives at the upper atmo-
sphere of our planet at a rate of about 1350 # Use this information,
together with the average radius of the Earth’s orbit, and some physical
reasoning, to show that the Sun radiates energy at a rate of about 4 x 1026

J/s.

We know from radiometric dating of rocks on Earth (and the Moon and
Mars) that our solar system is about 4 billion years old. Let’s make a naive
hypothesis (like scientists did in the early 1900s) that the Sun is powered
by burning hydrocarbons. What mass of gasoline would be needed to power
the Sun at a rate of 4 x 1026 J/s for 4 billion years? Compare to the actual
mass of the Sun.



PH315: Homework 2 — Problem #3

Speed of a Solar Car (5pts)

(long-answer format)

Draw an energy flow diagram and then esti-
mate how fast this solar car can travel on
a flat road on a windless day in bright sun-

light. Give you answer in meters per sec-
ond.
Assumptions:

e The car is 1.5 m wide, 1 m tall and 3 m long.
e The drag coefficient is 0.2.

e The electric motors are powered directly by the solar panels (no battery
power).

e The solar panels convert sunlight energy into electrical energy with efficiency
0.2.

e The electric motors convert electrical energy into mechanical work with ef-
ficiency 0.9.

e There is no energy loss associated with the tires rolling on the road.

e The top surface of the car is entirely covered with solar panels.

J
3.

S-m

e The Sun is directly overhead and the intensity of the sunlight is 1000



PH315: Homework 2 — Problem #4

Entropy Basics

(a) (T3B.5) Objects A and B have different temperatures and initial entropies
of 22 J/K and 47 J/K. We bring the objects into thermal contact and al-
low them to come to equilibrium (the objects are isolated from everything
else). What is the most quantitative statement that we can make about the
combined system’s entropy after the two objects come to equilibrium?

(b) (T3B.8) Suppose that we increase an object’s internal energy 10 J by heating
the object. The temperature of the object remains roughly constant at 20°C.
By how much does the object’s entropy increase?

(c) (T3M.7) The multiplicity of an ideal monatomic gas with N atoms, thermal
energy U, and volume V turns out to be roughly

Q(U,V,N) = CVNU3N/2

Where C' is a constant that depends on /N alone. Use this information and
the definition of temperature to determine how the thermal energy of a
monatomic gas depends on its temperature.

(d) (From the GRE Physics Subject GR0177, given in 2001) In this question,
note how energy is irreversibly transported to a different region of space via
a random microscopic process.

47. A sealed and thermally insulated container of total
volume V is divided into two equal volumes by
an impermeable wall. The left half of the con-
tainer is initially occupied by n moles of an ideal
gas at temperature 7. Which of the following
gives the change in entropy of the system when
the wall is suddenly removed and the gas expands
to fill the entire volume?

(A) 2nR In2
(B) nR In2

(©) %nR In2
(D) —nR In2
(E) —2nR In2



PH315: Homework 2 — Problem #5

Inside planets

Approximately 1/3 of the earth’s mass is molten iron (temperature ~ 6000 K)
deep in the center of the earth. This liquid metal is responsible for the geomagnetic
dynamo that generates Earth’s magnetic field (which, in turn, protects Earth from
solar winds). Construct a coarse-grain model to estimate how many years it will
take for the molten iron to cool off.

Useful approximations:

Use the Einstein model to estimate the total thermal energy stored in the
molten iron core.

Define “cooling off” as 30% of the thermal energy stored in the molten iron
core dissipated into outer space.

When a hot object cools off, the initial rate of change is fast, then the rate
of change slows down. However, it is a decent approximation to assume the
initial rate (d—T) is maintained for the first third of the total temperature

dt
change.

All the energy transferred from Earth’s core into outer space must pass
through the earth’s crust. The average thermal conductivity of the earth’s
crust is about 1 %, and the average temperature gradient in the crust is
about 25 . You can apply the law of heat conduction (Fourier’s law).

At least 50% of the energy we observe as heat flowing through the earth’s
crust is coming nuclear decay inside the earth.

Sense making: Compare your answer to geological time scales. For
example, the time since the last ice age, the age of the Earth, the age
of the Universe.

Sources: Birch et al. “Density and Composition of Mantle and Core”, J. Geophys.
Res. 69 4377 (1964), and Wikipedia Geothermal Gradient.


https://en.wikipedia.org/wiki/Geothermal_gradient

PH315: Homework 3 — Problem #1

Three Ideas for the Term Project

Read the description of the term project on the class website. Identify three (3)
subjects that you find interesting/intriguing (for example, solar energy, exoplan-
ets, ...). Within each subject, pose a question that might have an interesting
quantitative answer: “Since it requires energy to make a solar panel, how long
does it take to recoup that energy?”, “How far away could we see an Earth-like
planet orbiting a Sun-like star?” ... You should turn in 3 different subjects and 3
different quantitative questions (quantitative means “quantities that can be cal-
culated and/or measured”).

Let your mind wander as broadly as possible. Subjects and questions are not
restricted to the topics taught in PH315. During this exploratory stage, be bold
and daring; you are not committing yourself to solve all 3 questions. To spark your
imagination, there is a list of ideas on the class website. The instructor will read
your ideas and give you feedback. Whenever possible, the feedback will point you
towards a coarse-grained model that is helpful for answering your question. Use
the feedback to help decide which question you will develop further (or whether
you need to go back to the drawing board).



PH315: Homework 3 — Problem #2

Efficiency of an Engine Design

The graph shows a gas cycle that uses 0.04 moles
of ideal monatomic gas trapped inside a cylin-
der.

Heat and work go in/out of the gas during the cycle.
The gas is expanded along the red curve (constant tem-
perature, Ty = 600 K), and is compressed along the
blue curve (constant temperature, T = 300 K). The
maximum volume (4 liters) is 8 times bigger than the
smallest volume (0.5 liters). Thus, the engine has a
compression ratio is 8.

(a) Create a table with 4 rows (one for each stage of
the gas cycle) and 3 columns (Q, W and AU).
Fill in the table with energy values expressed in

0 2 4
' V (liters)

units of joules. Show your calculations and rea-
soning in a logical format below the table.

(b) For one complete cycle, what is the net work,
Wiet, the total heat in, ();,, and the total heat
out, QQuu:! What is the ratio of Wgﬂ?

c¢) Would a higher Compression ratio improve the
g
efﬁciency?



PH315: Homework 3 — Problem #3

Heat Pump
(long-answer format)

The diagram shows a machine (the white cir-
cle) that moves energy from a cold reservoir to
a hot reservoir.  No energy accumulates in the
machine. We will consider whether this ma-
chine is wuseful for heating a family home in
the winter when the temperature inside the fam-
ily home is Ty, and the temperature outside
the house is Ty.  To quantify the performance
of this machine, I'm interested in the ratio QWH,
where @y is the heat energy entering the house,
and W is the net energy input in the form of
work. (W is the energy I need to buy from
the electricity company to run an electric mo- TC

tor).

For your calculation, imagine that the machine runs
for a short time, so there is no measurable change in Ty and T¢. Starting from
the 1st and 2nd laws of thermodynamics, find the maximum possible value of QWH

This maximum value of QWH will depend solely on the ratio of temperatures Ty
and T¢.

s Sense-Making: Choose realistic values of Ty and T to describe a
family home on a snowy day. Based on your temperature estimates,

what is the maximum possible value of QWH?

& The photo shows a heat pump outside a house in Corvallis, OR.



PH315: Homework 3 — Problem #4

Integration techniques

You should be familiar with three techniques for calculating integrals

1.
2.

3.

Equations and calculus
Geometric shapes (calculate generalized area)

Simple numerical integration (a sum of y-values appropriately weighted by Ax)

For the following three questions, pick the most appropriate integration technique.
You'll be using a different integration technique for each question.

(a)

The blue curve on the PV diagram shows the pressure and volume of a gas over
some period of time. The arrow indicates the direction from the initial state to
the final state. Using a geometric-shapes approach, find the work energy going in
(or out) of the gas to within £5%. Use the standard sign convention to indicate
which direction the energy is moving. Check the sign and units of your answer.

200 L ]

s TETT Y

0.1

L

V (m¥)
Consider compression of a gas for which the P-V path follows the line

P = (constant) - V~7/°

This P-V path happens when a diatomic ideal gas is compressed without letting
any heat flow in/out of the gas (adiabatic compression). For this question, the
initial volume is 0.1 m? and the final volume is final volume is 0.05 m?. The initial
pressure is 100 kPa. Find the work done (use the standard sign convention).
Check the sign and units of your answer.



(¢) The following pressure and volume data were measured inside a cylinder of a
1.6-liter 4-cylinder engine. During an 8-ms time period (from t = 0 to 8 ms), P
and V were measured 9 times. The number of gas molecules inside the cylinder
was fixed. Estimate the work done during the 8 ms time period (use the standard
sign convention). Don’t over-complicate this question, use a numerical integration
technique that is reasonably accurate, but still simple to implement.

Time (ms) P (kPa) V (liters)
0 5000 0.10
1 3500 0.15
2 2500 0.20
3 1700 0.25
4 1100 0.30
5 600 0.35
6 400 0.40
7 300 0.45
8 250 0.50




PH315: Homework 3 — Problem #5

Estimations and estimation of uncertainty

(long-answer format)

ifth

(a) How much energy is used to run a 10-minute hot shower? Make a coarse-grained
model and explain the parameters that go into your model.

Note that the energy required to deliver cold drinking water to a house
is about 0.01 kWh per gallon. You can treat this as a fixed parameter
(no uncertainty).

(b) What is the uncertainty in your answer? To analyze the uncertainty, consider
upper bound and lower bounds on the estimated parameters? For example, the
flow rate of a shower head is likely in the range __ to __ liters per minute. Using the
high/low parameter values, estimate the best-case and worst-case energy usage.



PH315: Homework 4 — Problem #1

Degrees of Freedom

Water
Liquid water has a specific heat capacity of 4.2 giK. Compare this value to the prediction
of the equipartition theorem:

kT

=fN—
Uf2

where N is the number of molecules and f is the number of degrees of freedom of each
molecule. What integer value of f gives a good match between theory and experiment?
Explain why your answer does or does not make sense.

Rock

Use the equipartition theorem to predict the specific heat capacity of quartz - a rock
made from one part silicon and two parts oxygen. Assume 6 degrees of freedom per
atom (just like an Einstein solid). Compare with real-world values.

Note: when quartz is heated to high temperatures (> 1000 K) it has a specific heat
capacity of about 1.25 giK.



PH315: Homework 4 — Problem #2

(a)

Miscellaneous

Adapted from T1T.12. Suppose we have two rigid containers, one holding N
molecules of helium gas, and one holding N/2 molecules of oxygen gas. Both are
initially at room temperature. We then add the same amount of energy to each
gas by heating. Which gas is hotter at the end?

Adapted from T5B.8 Interstellar space has about one Ho molecule per cubic
centimeter. The temperature of deep space is about 3 K. What is the pressure
of this interstellar gas? How does it compare to the best vacuum we can achieve
in the laboratory (~ 10-13 Pa)? How fast is the typical Ho molecule moving in
interstellar space (average speed)?

T5B.4 An atom of helium can store energy by bumping its electron from its
lowest orbital energy level to a higher orbital energy level. In particular, moving
an electron from the lowest state to the next-to-lowest state would store an energy
of 24.6 eV (24.6 electron-volts = 4 x 10! J). Explain why we can ignore this
energy storage mode when calculating the heat capacity of helium gas at ordinary
temperatures.



PH315: Homework 4 — Problem #3

Thermal Energy in the Earth’s Climate

(long-answer format)

Thermal energy is stored in all materials on Earth, including the air, water and rocks.
The air is composed mostly of diatomic molecules such as Ny and Oa.

(a)

Use Google to find the mass of the Earth’s atmosphere and check that Google’s
answer is consistent with other known facts: Air pressure at sea level is about
100 kPa and the radius of the Earth is about 6400 km. The air pressure at sea
level is caused by the downward force of gravity (F' = mg). The thickness of the
atmosphere is much much less than the radius of the Earth. (Estimate the mass
of the Earth’s atmosphere using the facts I just listed).

Consider 1 mole of air molecules that is initially at 293 K and 100 kPa. This
air is heated in two different ways. Case 1: the air is trapped in a fixed volume
container, so the pressure increases as heat Q is added. Case 2: the air is trapped
inside a cylinder/piston system which maintains constant pressure, so the volume
of the air increases as heat Q is added (the same amount of heat as case 1).

e In which case is the temperature increase greater? Why?

e Look up the specific heat capacity of air. Find values describing case 1 (Cy)
and case 2 (Cp). What are the values?

e When doing climate modeling, what value of heat capacity should we use
for the Earth’s atmosphere? Why?

We know that between 1955 and 2010, the temperature of the top 2000 meters
of the ocean rose by about 0.05 °C. Given this fact, assess the validity of the
following statement:

“If the same amount of heat that has gone into the top 2000 meters
of the ocean between 1955-2010 had gone into the lower 10 km of the
atmosphere, then the Earth would have seen a warming of about 20°C
(36°F).”

Is this statement reasonable, or ridiculous? Show your calculations that support
your conclusion.



PH315: Homework 4 — Problem #4

Seismic Waves

A typical earthquake produces two types of seismic waves. Primary seismic waves (p-
waves) are longitudinal waves that move through the earth’s upper crust with speed
anywhere from 3 km/s to 5 km/s (the exact speed depends on the local composition
of the earth’s crust). Secondary waves (s-waves) are transverse waves that move slower
than P waves. The S-wave speed is typically 3/5 of the P-wave speed in any given
material. The map below shows the Cascadia subduction zone (white line) just off the
coast of Oregon. In the next 50 years, there is a 30% chance that a very large earthquake
will occur with an epicenter on this white line.

Washington

Mount Rainier

" Mount Adams

Mount Hood

Corvallis

Newberry
Voleano

Crater Lake

Oregon

(a) Assume there is an earthquake centered on the Cascadia subduction zone directly
west of Corvallis. Estimate the time delay between the arrival of P waves and the
arrival of S waves in Corvallis. Give a range of possible time delays.

Sense-making: Could we evacuate Weniger Hall in the lull between
p-wave arrival and s-wave arrival?

(b) Rather than rely on p-waves as a warning system, what if there were p-wave
sensors on the coast that “instantly” sent a warning to Corvallis (signals can’t
go faster than the speed of light). Estimate the time delay between triggering a
p-wave sensor on the coast and the arrival of s-waves in Corvallis.



PH315: Homework 4 — Problem #5

Boundary conditions and musical instruments

(a) A concert flute, shown above, is about 2 ft long. Its lowest pitch is middle C
(about 262 Hz). On the basis of this evidence, should we consider a flute to be a
pipe that is open at both ends, or at just one end? (The end of the flute farthest
from the mouth piece is clearly open. The other end of the flute seems to be
clearly closed, so if you claim that the flute is open at both ends, you should try
to explain where the other open end is.)

(b) What are the lowest three resonant frequencies that can be played on a flute
when all the finger holes are closed? Give you answer in units of Hz. Draw
these frequencies on a frequency level diagram (vertical axis represents frequency,
horizontal lines are placed at the resonant frequencies).

(c) The orchestra is warming up their instruments. The flute starts at 290 K and
increases temperature to 300 K. How seriously does this affect the pitch of the
flute? For reference, each step on a chromatic musical scale has a frequency 1.06
times higher than the one below it (1.06 = 2!/12). The conductor of the orchestra
will be upset if the flute shifts from its correct frequency by +1%. The speed

. . P . . . .
of sound in a gas is v = 7'0—00 where v is a dimensionless constant, Pg is the

ambient pressure and pg is the gas’s density. As the gas warms up, its density
drops (ambient pressure does not change).

: — e e e S e

il
-

(Question based on 6 Ideas Q2M.1)

L0 1N



PH315: Homework 5 — Problem #1

Bugle

Here we will analyze the frequency spectra that I
recorded from the bugle on Friday (picture on the
left).

I found two articles on the internet (links below) that
helped me understand the subtleties of brass instru-
ments. I learned that the shape of the bell is crit-
ical to produce frequencies that are spaced at mu-
sically pleasing intervals. A straight pipe doesn’t
play sweet sounding music (check out the record-
ings “the effect of the bell” on the second web-
site).

When I played the bugle in class, 1 “excited”
the 2nd resonance (240 Hz), the 4th resonance
(480 Hz), the 6th resonance (720 Hz) and so
forth.  The odd numbered resonances were not ex-
cited.

(a) Use the measured data to estimate the length of the bugle (i.e. the distance that
sound waves travel from the mouth piece to the bell).

(b) If the bugle was a straight pipe with no bell shape, draw a frequency level diagram
to show the 1st, 2nd, 3rd and 4th resonances. (i.e. construct a coarse grained
model for a bugle). Set the length of the straight pipe so that the 2nd resonance
is at 240 Hz.

Notes:

e https://www.nickdrozdoff.com/post/2018/10/15/standing-wave-in-trumpet-wind-
column

e http://www.phys.unsw.edu.au/jw/brassacoustics.html


https://www.nickdrozdoff.com/post/2018/10/15/standing-wave-in-trumpet-wind-column
https://www.nickdrozdoff.com/post/2018/10/15/standing-wave-in-trumpet-wind-column
http://www.phys.unsw.edu.au/jw/brassacoustics.html
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PH315: Homework 5 — Problem #2

(a)

Spectra

based on Q11B.5 Find the wavelength of the photon emitted during an =5 — 4
transition in a hydrogen atom.

Note: The energy levels in a hydrogen atom are

—13.6eV
En=— 15—
n

where n =1,2,3, ...

based on Q11M.2 Suppose an electron is trapped in a box whose length is L =
1.2 nm. The energy levels for this electron are
h2 2
g, -
8mL?

Where m is the mass of the electron and n =1,2,3, ...

Draw a spectrum chart (like figure Q11.2) showing all the visible light emission
lines from this system. An can be any odd integer.

Note: After we discuss deBroglie wavelength, you’ll have the tools to “derive” eq.

1 from deBroglie wavelength.

Based on Q11T.1

Imagine that the electron energy levels of a certain system are proportional to
n, where n = 1,2, 3, ... Imagine that for some reason, only transitions such that
An = +1 are physically possible. In a spectrum chart (like the one shown in
figure Q11.2) the emission lines produced by this system:

e Get closer together as we go to the right (see figure below)
e Are evenly spaced (see figure below)

o Get farther apart as we go to the right (see figure below)



(d) Suppose a charge is held in position by an electrostatic spring (i.e. the restoring
force on the charge follows Hooke’s law, F' = —kx). The mass of the charge, and
the spring constant, are such that the system has a natural frequency w = 106
rad/s. Find the wavelength of the photon emitted during a n = 1 — 0 transition.

The quantum energy levels of a harmonic oscillator are

1
E, = -
hw <n+ 2)

wheren =0, 1, 2, ...

Sense-making: Try approaching this question from a classical physics
perspective. What wavelength of light would we expect from a charge that
oscillates at w = 106 rad/s?



PH315: Homework 5 — Problem #3

Light Emitting Diodes

To make blue light emitting diodes (LEDs), technology companies combine the ele-
ments indium, gallium and nitrogen in the correct ratio to make InGaN crystals. The
figure above shows a small InGaN crystal. To make red LEDs, technology companies
combine aluminum, gallium and arsenide in the correct ratio to make AlGaAs crystals.

InGaN and AlGaAs crystals are both semiconductors (see Q11.6). In a semiconductor,
there are quantum states with relatively low energy that are almost fully occupied by
electrons. Additionally, there are quantum states at higher energies that are not usually
occupied by electrons. The energy gap between the low-energy and high-energy quantum
states is called the “band gap”. To operate an LED, a battery injects electrons into the
high-energy states. These injected electrons then fall into low-energy states and release
photons. The size of the energy jump determines the color of light that is emitted.

(a) Estimate the size of the energy gap in InGaN. Give your answer in eV or joules.

(b) Estimate the size of the energy gap in AlGaAs. Give your answer in eV or joules.



PH315: Homework 6 — Problem #1

Cosmic Background Radiation

The universe is filled with thermal radiation that has a blackbody spectrum with an
effective temperature of 2.7 K. What wavelength of light corresponds to the peak in .7

e .7 is the spectral distribution of light intensity with respect to wavelength.

In what region of the electromagnetic spectrum is this peak wavelength?



PH315: Homework 6 — Problem #2

Two-Layer Model for Estimating the Earth’s
Temperature

(long-answer format)

Two layers of plexiglass are surrounding the Earth. One layer is 5 km above sea level,
the other layer is 10 km above sea level. These plexiglass layers have replaced the
gaseous atmosphere. Both layers of plexiglass are transparent to the solar spectrum
(wavelengths centered around 500 nm), but fully absorb blackbody radiation emitted
from the surface of the Earth. The surface of the Earth absorbs 70% of the incident
sunlight and reflects the rest. Assume that the Earth distributes the absorbed solar
energy uniformly across its spherical surface, therefore, it has a uniform temperature,
Tsurp- Every part of this system is in steady state, meaning, all temperatures are stable.

(a)

Draw an energy flow diagram for this system. Draw three boxes to represent
the surface of the Earth, plexiglass layer 1 and plexiglass layer 2. Draw arrows
to represent energy transported by short-wavelength light (blackbody spectrum
centered around 500 nm) and long-wavelength light (blackbody spectrum centered
around 10,000 nm). If energy is being exchanged in two directions, show this with
two separate arrows.

The surface of the Earth has temperature T, r, the first plexiglass layer 1 has
temperature 77, and the second plexiglass layer has temperature T5. Treat these
as unknowns (we will determine them in part c¢). Use the idea of balanced energy
rates to write down a set of mathematical relationships relating T, ¢, 71 and T5.
Other parameters that may appear in your expressions include:

Igyun, intensity of sunlight
Rpartn, radius of Earth
o, the Stefan—Boltzmann constant

Note: Remember that the absorption of Sunlight depends on the size of the
Earth’s shadow, not on the surface area of the Earth.

Note: The surface area of the plexiglass layers are almost equal to the surface
area of the Earth (the difference is negligible).

Let Igun = 1360 —X and solve for Ty, T} and Ty, 7. Give your final answer in

s m?2
both Kelvin and your preferred unit for describing air temperature.



PH315: Homework 6 — Problem #3

Infrared Light Interacting with Gases in the
Atmosphere

This question is based on the climate modeling software called MODTRAN published

on the internet by Prof. David Archer.

MODTRAN calculates how much infrared

(IR) radiation leaves the Earth’s atmosphere and travels away into outer space. This
quantity is called “upward IR heat flux”. Open the webpage and switch the graph to
wavelength.

http://climatemodels.uchicago.edu/modtran/

MODTRAN Infrared Light in the Atmosphere

Model Input

CO;z (ppm) 0
CHg (ppm)

Trop. Ozone (ppb) o
Strat. Ozone scale o
Water Vapor Scale o
Freon Scale [

Temperature Offset, C o

Locality | Tropical Atmosphere
No Clouds or Rain

Altitude (km) 70
Looking down &
Save This Run to Background
Show Raw Model Output

Model Output

Upward IR Heat Flux 440.542 w/m?
Ground Temperature 299.7 K

Spectrum expanded 5-11-17, changing the IR ouf vakse.

Intensily (W/m2 micron)

40 —— Model
— 300K

280K
— 260K
— 240K
— 220K

Wavelength (microns)

Wavelength %

We will investigate the role of methane in the atmosphere. Methane has an absorption
cross-section of about 10~ um? at a wavelength of about 8 um (for comparison, COs
has an absorption cross-section of about 10~!' um? at 15 um). The concentration of
methane in our atmosphere is currently about 2 parts per million (ppm).

(a) Estimate the optical depth for light with wavelength 8 m passing through our
atmosphere when the methane concentration is 2 ppm (assume standard temper-

(b)

ature and pressure).

Use the computer model to remove all greenhouse gases from the atmosphere
except for methane (set methane to its current value of 2 ppm). Try increasing
methane to 4 ppm. What is the change in the “upward IR heat flux” when we

go from 2 to 4 ppm?

Now we’ll do a similar check for CO3y. Use the computer model to remove all
greenhouse gases from the atmosphere except for CO2 (set COq to its current


http://climatemodels.uchicago.edu/modtran/

value 410 ppm). Increase the COg concentration to 412 ppm. What is the change
in the “upward IR heat flux” when we go from 410 to 412 ppm? (The online
user interface might not show you enough significant figures. If this is the case,
increase CO2 from 410 to 430 ppm and then do a linear interpolation to estimate
the change between 410 and 412 ppm).

Try to explain the results of part b and ¢ to a non-scientist. You may want to
use the concepts of “optical depth” and “saturating an absorption dip”.

For additional information about greenhouse gases, I recommend the highly ac-
cessible/ readable (and free) Chapter 4 from Prof. Archer’s textbook:
http://forecast.uchicago.edu/chapters.pdf


http://forecast.uchicago.edu/chapter4.pdf

PH315: Homework 6 — Problem #4

Space Travel
(long-answer format)

When NASA’s Space Shuttle Orbiter descends from
orbit it must pass through the upper reaches of
Earth’s atmosphere where the air is extremely thin.
In this upper atmosphere, air molecules collide with
the space shuttle and cause significant heating (trans-
fer of kinetic energy), but there are too few air
molecules for convective heat transport. Without con-
vective heat transport, the primary mechanism for
cooling the Orbiter is emission of blackbody radia-
tion.

37.24m (12217 FT) ——l

The Orbiter has a heat shield on its underside (black panels on it’s belly). This heat
shield reaches a temperature of 2000 K. The topside of the Orbiter stays cool (~ 300

K).

(a) At what rate is blackbody radiation emitted from the Orbiter’s heat shield when
its underside reaches a temperature of 2000 K? Give your answer in J/s.

Note: The space shuttle is about 35 m long, and has a wingspan of 25

m.

(b) I want to estimate the rate of decent through the upper atmosphere (the decrease
in elevation per unit time). The Orbiter has a velocity component parallel to
the Earth’s surface, v, and a velocity component pointing towards the Earth’s
surface, v;. For my “first-guess-coarse-grained model”, I will assume the Or-
biter’s kinetic energy remains constant during the decent. Apply the First Law
of Thermodynamics (conservation of energy) to estimate the maximum value of
vy . (The temperature of the heat shield cannot safely exceed 2000 K). Express

your answer in units of m/s.

Note: The orbiter’s mass is about 80,000 kg (similar to the mass of 80

cars).



(¢) Perhaps I should not have neglected the kinetic energy of the Orbiter. Refine
your quantitative description of the Orbiter’s decent using this information that
I found on the internet:

“Time of ignition for the de-orbit burn is about 60 minutes before
landing. The burn lasts 3 to 4 minutes and slows the Orbiter enough
to begin its descent. About 30 minutes before landing, the Orbiter
will begin to encounter the effects of the upper atmosphere. This
point usually takes place at an altitude of about 130 km, and more
than 8,000 km from the landing site. The Orbiter is traveling at 7500
m/s relative to the atmosphere. About 15 minutes before landing,
the shuttle has dropped to an altitude of about 10 km (similar to the
cruising altitude of commercial aircraft). The Orbiter is now cruising
through the atmosphere at close to the speed of sound (340 m/s).”



PH315: Homework 6 — Problem #5

:Emmul[i_.w-hwm.-
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(a)

(b)

Efficiency of a Solar Cell

On the Canvas assignment page there is a file

A B called extraterr_solar.zip. = Download the file and
280  0.145962 unzip (double click). Now you have a file in
285 0278177 comma-separated-variable (csv) format. Open the
290  0.477193 csv file in excel or google sheets. The data
285 0.5355 is the spectral intensity of sunlight measured by
300) 0496548 a satellite orbiting the KEarth. The first col-
305 0.592171 . . .

310 0.640309 umn is wavelength in units of nanometers. The
115 0.690068 second column 1is spectral intensity in wunits of
320 0731223 .

325 0.B40B88

330 100565

335 0541141
N NORTRAR

Use the spreadsheet software to perform a simple numerical integration (Riemann
sum) to find the total energy flux hitting the satellite. Give your answer in units

of %, and check that it is reasonable.

Consider a narrow band of wavelengths, from 552.5 nm to 557.5 nm. (The band-
width is 5 nm and the central wavelength is 555 nm). All the photons in this

bandwidth have very similar energy, ~ %. How many photons per second

per m? are arriving in this bandwidth of sunlight?

The calculation that you did for part b can now be applied to every row in your
excel spreadsheet. You will need these numbers for part c.

Silicon solar cells absorb photons if Eppoten, > 1.1€V (i.e. Eppoton, must be greater
than gap between occupied and unoccupied quantum energy levels in silicon).
Use your excel spread sheet to calculate how many photons per second per m?
have sufficient energy to be absorbed by a solar cell.

The electrical energy produced by a silicon solar cell is approximately
(1.1 eV) x (number of absorbed photons)

Calculate the rate that electrical energy could be produced by a solar cell attached
to this satellite. Give your answer in units of %

Compare your answers to part a and part d. What is the efficiency of the solar cell
(i.e. the ratio of the electrical energy output to the total energy input)? 5Js*
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