
Physics 4C Spring 2017 Final Exam

Name:

June 26, 2017

Please show your work! Answers are not complete without clear reasoning. When asked
for an expression, you must give your answer in terms of the variables given in the question
and/or fundamental constants.

Answer as many questions as you can, in any order. Calculators are allowed. Books and
notes are not allowed. Use any blank space to answer questions, but please make sure it is
clear which question your answer refers to.

g = 9.8 ms−2

c = 3.00× 108 m/s

atmospheric pressure P0 = 1.013× 105 Pa

density of water ρw = 1000 kg/m3

ρair = 1.20 kg m−3 (sea level, 20◦C)

Fahrenheit to Celsius:

([◦F] − 32) ÷ 1.8 =[◦C]

Celsius to Fahrenheit:

([◦C] × 1.8) + 32 =[◦F]

kB = 1.38× 10−23 J/K

NA = 6.022× 1023

R = 8.314 J mol−1 K−1

mp = 1.67× 10−27 kg

σ = 5.6696× 10−8 W m−2 K−4

1 cal = 4.186 J

I0 = 1.00× 10−12 W m−2

Trigonometric Identities
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1. [7pts] In the diagram, piston 1 has a diameter of 0.200 cm. Piston 2 has a diameter
of 1.40 cm.

(a) Using the values given in the diagram, determine the magnitude of the force F
necessary to support the 2220-N (500-lb) load in the absence of friction. [6 pts]

(b) What is the name of the fluid principle used here? [1 pt]

 Problems 439

 17. Review. Piston ! in Figure P14.17 has a diameter of 
0.250 in. Piston " has a diameter of 1.50 in. Determine 
the magnitude F of the force necessary to support the 
500-lb load in the absence of friction.

500 lb

2.0 in.
10 in.

!

"

F
S

Figure P14.17

 18. Review. A solid sphere of brass (bulk modulus of  
14.0 3 1010 N/m2) with a diameter of 3.00 m is thrown 
into the ocean. By how much does the diameter of the 
sphere decrease as it sinks to a depth of 1.00 km?

Section 14.3 Pressure Measurements

 19. Normal atmospheric pressure is 1.013 3 105 Pa. The 
approach of a storm causes the height of a mercury 
barometer to drop by 20.0 mm from the normal height. 
What is the atmospheric pressure?

 20. The human brain and spinal cord are immersed in the 
cerebrospinal fluid. The fluid is normally continuous 
between the cranial and spinal cavities and exerts a 
pressure of 100 to 200 mm of H2O above the prevail-
ing atmospheric pressure. In medical work, pressures 
are often measured in units of millimeters of H2O 
because body fluids, including the cerebrospinal fluid, 
typically have the same density as water. The pressure 
of the cerebrospinal fluid can be measured by means 
of a spinal tap as illustrated in Figure P14.20. A hollow 
tube is inserted into the spinal column, and the height 
to which the fluid rises is observed. If the fluid rises 
to a height of 160 mm, we write its gauge pressure as 
160 mm H2O. (a) Express this pressure in pascals, in 
atmospheres, and in millimeters of mercury. (b) Some 
conditions that block or inhibit the flow of cerebrospi-
nal fluid can be investigated by means of Queckenstedt’s 
test. In this procedure, the veins in the patient’s neck 
are compressed to make the blood pressure rise in the 
brain, which in turn should be transmitted to the cere-
brospinal fluid. Explain how the level of fluid in the 
spinal tap can be used as a diagnostic tool for the con-
dition of the patient’s spine.
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through a straw of length , 5 12.0 m. The walls of the 
tubular straw are very strong and do not collapse. With 
his great strength, he achieves maximum possible suc-
tion and enjoys drinking the cold water.

!

Figure P14.12

 13. For the cellar of a new house, a hole is dug in the 
ground, with vertical sides going down 2.40 m. A con-
crete foundation wall is built all the way across the 
9.60-m width of the excavation. This foundation wall 
is 0.183 m away from the front of the cellar hole. Dur-
ing a rainstorm, drainage from the street fills up the 
space in front of the concrete wall, but not the cellar 
behind the wall. The water does not soak into the clay 
soil. Find the force the water causes on the founda-
tion wall. For comparison, the weight of the water is 
given by 2.40 m 3 9.60 m 3 0.183 m 3 1 000 kg/m3 3  
9.80 m/s2 5 41.3 kN.

 14. A container is filled to a depth of 20.0 cm with water. 
On top of the water floats a 30.0-cm-thick layer of oil 
with specific gravity 0.700. What is the absolute pres-
sure at the bottom of the container?

 15. Review. The tank in Figure P14.15 is filled with water 
of depth d 5 2.00 m. At the bottom of one sidewall is a 
rectangular hatch of height h 5 1.00 m and width w 5  
2.00 m that is hinged at the top of the hatch. (a) Deter-
mine the magnitude of the force the water exerts 
on the hatch. (b)  Find the magnitude of the torque 
exerted by the water about the hinges.

d

w

h

Figure P14.15  
Problems 15 and 16.

 16. Review. The tank in Figure P14.15 is filled with water of 
depth d. At the bottom of one sidewall is a rectangular 
hatch of height h and width w that is hinged at the top 
of the hatch. (a) Determine the magnitude of the force 
the water exerts on the hatch. (b) Find the magnitude 
of the torque exerted by the water about the hinges.

S

Figure P14.20
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2. A helium-filled balloon (whose envelope has a mass ofmb = 0.240kg) is tied to a uniform
string of length ` = 2.00 m and mass m = 0.0650 kg. The balloon is spherical with a
radius of r = 0.400 m. When released in air of temperature 20◦C, standard atmospheric
pressure, and density ρair = 1.20 kg/m3, it lifts a length h of string and then remains
stationary as shown. Find the length of string lifted by the balloon. (Helium is a
monatomic gas and each atom has two neutrons and two protons.) [10 pts]

444 Chapter 14 Fluid Mechanics

balance with the use of counterweights of density r. 
Representing the density of air as rair and the balance 
reading as F 9g , show that the true weight Fg is

Fg 5 F rg 1 aV 2
F rg
rg

brairg

 63. Water is forced out of a fire extinguisher by air pres-
sure as shown in Figure P14.63. How much gauge air 
pressure in the tank is required for the water jet to have 
a speed of 30.0  m/s when the water level is 0.500 m  
below the nozzle?

0.500 m

vS

Figure P14.63

 64. Review. Assume a certain liquid, with density  
1 230  kg/m3, exerts no friction force on spherical 
objects. A ball of mass 2.10 kg and radius 9.00 cm is 
dropped from rest into a deep tank of this liquid from a 
height of 3.30 m above the surface. (a) Find the speed at 
which the ball enters the liquid. (b) Evaluate the magni-
tudes of the two forces that are exerted on the ball as it 
moves through the liquid. (c) Explain why the ball 
moves down only a limited distance into the liquid and 
calculate this distance. (d) With what speed will the ball 
pop up out of the liquid? (e) How does the time interval 
Dtdown, during which the ball moves from the surface 
down to its lowest point, compare with the time interval 
Dtup for the return trip between the same two points? 
(f) What If? Now modify the model to suppose the liq-
uid exerts a small friction force on the ball, opposite in 
direction to its motion. In this case, how do the time 
intervals Dtdown and Dtup compare? Explain your answer 
with a conceptual argument rather than a numerical 
calculation.

 65. Review. A light spring of constant k 5 90.0 N/m is 
attached vertically to a table (Fig. P14.65a). A 2.00-g 
balloon is filled with helium (density 5 0.179 kg/m3) 

Q/C

AMT

sound likened to a cannon firing. Find the force F 
required to pull the thin-walled evacuated hemispheres  
apart in terms of R, the radius of the hemispheres; P, 
the pressure inside the hemispheres; and atmospheric 
pressure P0.

 59. A spherical aluminum ball of mass 1.26 kg contains an 
empty spherical cavity that is concentric with the ball. 
The ball barely floats in water. Calculate (a) the outer 
radius of the ball and (b) the radius of the cavity.

 60. A helium-filled balloon (whose envelope has a mass of 
mb 5 0.250 kg) is tied to a uniform string of length , 5 
2.00 m and mass m 5 0.050 0 kg. The balloon is spheri-
cal with a radius of r 5 0.400 m. When released in air 
of temperature 208C and density rair 5 1.20 kg/m3, it 
lifts a length h of string and then remains stationary as 
shown in Figure P14.60. We wish to find the length of 
string lifted by the balloon. (a)  When the balloon 
remains stationary, what is the appropriate analysis 
model to describe it? (b) Write a force equation for 
the balloon from this model in terms of the buoyant 
force B, the weight Fb of the balloon, the weight FHe of 
the helium, and the weight Fs of the segment of string 
of length h. (c) Make an appropriate substitution for 
each of these forces and solve symbolically for the 
mass ms of the segment of string of length h in terms 
of mb, r, rair, and the density of helium rHe. (d) Find 
the numerical value of the mass ms . (e) Find the length 
h numerically.

He

h

Figure P14.60

 61. Review. Figure P14.61 shows a valve separating a res-
ervoir from a water tank. If this valve is opened, what 
is the maximum height above point B attained by the 
water stream coming out of the right side of the tank? 
Assume h 5 10.0 m, L 5 2.00 m, and u 5 30.0°, and 
assume the cross-sectional area at A is very large com-
pared with that at B.

A

h

Valve L B

u

Figure P14.61

 62. The true weight of an object can be measured in a 
vacuum, where buoyant forces are absent. A measure-
ment in air, however, is disturbed by buoyant forces. An 
object of volume V is weighed in air on an equal-arm 
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Figure P14.65
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3. [20pts] A sample of an ideal monatomic gas with n moles is taken through the cycle
shown. The process A→ B is a reversible isothermal expansion. Using the information
given on the graph:

(a) What is the change in the internal energy in process A→ B? [1 pt]

(b) What is the work done on the gas in the process A→ B? [4 pts]

(c) What is the entropy change in complete cycle ABCA? [1 pt]

(d) Find the entropy change for each of the three steps of the cycle. [9 pts]

(e) Explicitly confirm your answer to part (c) using your answers to part (d). [3 pts]

(f) Consider an adiabatic free expansion that starts at the state A and ends at the
state B. What is the entropy change in that process and why? [2 pts]

 Problems 687

 76. A 1.00-mol sample of a monatomic ideal gas is taken 
through the cycle shown in Figure P22.76. At point A, 
the pressure, volume, and temperature are Pi, Vi, and 
Ti , respectively. In terms of R and Ti , find (a) the total 
energy entering the system by heat per cycle, (b) the 
total energy leaving the system by heat per cycle, and 
(c) the efficiency of an engine operating in this cycle. 
(d) Explain how the efficiency compares with that of 
an engine operating in a Carnot cycle between the 
same temperature extremes.

D
A

B C
P

Pi

3Pi

Vi 2Vi
V

Q2

Q4

Q3Q1
2Pi

Q

Figure P22.76

 77. A sample consisting of n moles of an ideal gas under-
goes a reversible isobaric expansion from volume Vi to 
volume 3Vi . Find the change in entropy of the gas by 
calculating e f

i  dQ /T, where dQ 5 nCP dT.

 78. An athlete whose mass is 70.0 kg drinks 16.0 ounces 
(454 g) of refrigerated water. The water is at a tempera-
ture of 35.0°F. (a) Ignoring the temperature change of 
the body that results from the water intake (so that the 
body is regarded as a reservoir always at 98.6°F), find 
the entropy increase of the entire system. (b) What If? 
Assume the entire body is cooled by the drink and the 
average specific heat of a person is equal to the specific 
heat of liquid water. Ignoring any other energy trans-
fers by heat and any metabolic energy release, find the 
athlete’s temperature after she drinks the cold water 
given an initial body temperature of 98.6°F. (c) Under 
these assumptions, what is the entropy increase of the 
entire system? (d) State how this result compares with 
the one you obtained in part (a).

 79. A sample of an ideal gas expands isothermally, dou-
bling in volume. (a) Show that the work done on the 
gas in expanding is W 5 2nRT ln 2. (b) Because the 
internal energy E int of an ideal gas depends solely on 
its temperature, the change in internal energy is zero 
during the expansion. It follows from the first law that 
the energy input to the gas by heat during the expan-
sion is equal to the energy output by work. Does this 
process have 100% efficiency in converting energy 
input by heat into work output? (c) Does this conver-
sion violate the second law? Explain.

 80. Why is the following situation impossible? Two samples of 
water are mixed at constant pressure inside an insulated 
container: 1.00 kg of water at 10.0°C and 1.00 kg of water 
at 30.0°C. Because the container is insulated, there is no 
exchange of energy by heat between the water and the 
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in entropy of the Universe produced by the air condi-
tioner in 1.00 h. (d) What If? The outside temperature 
increases to 32.0°C. Find the fractional change in the 
COP of the air conditioner.

 71. A power plant, having a Carnot efficiency, produces 
1.00 GW of electrical power from turbines that take in 
steam at 500 K and reject water at 300 K into a flowing 
river. The water downstream is 6.00 K warmer due to 
the output of the power plant. Determine the flow rate 
of the river.

 72. A power plant, having a Carnot efficiency, produces 
electric power P from turbines that take in energy 
from steam at temperature Th and discharge energy at 
temperature Tc through a heat exchanger into a flow-
ing river. The water downstream is warmer by DT due 
to the output of the power plant. Determine the flow 
rate of the river.

 73. A 1.00-mol sample of an ideal monatomic gas is taken 
through the cycle shown in Figure P22.73. The process  
A S B is a reversible isothermal expansion. Calculate 
(a) the net work done by the gas, (b) the energy added to 
the gas by heat, (c) the energy exhausted from the gas by 
heat, and (d) the efficiency of the cycle. (e) Explain how 
the efficiency compares with that of a Carnot engine 
operating between the same temperature extremes.

5 Isothermal
process

1

10 50
V (liters)

B
C

A

P (atm)

Figure P22.73

 74. A system consisting of n moles of an ideal gas with 
molar specific heat at constant pressure CP undergoes 
two reversible processes. It starts with pressure Pi and 
volume Vi , expands isothermally, and then contracts 
adiabatically to reach a final state with pressure Pi 
and volume 3Vi . (a) Find its change in entropy in the 
isothermal process. (The entropy does not change in 
the adiabatic process.) (b) What If? Explain why the 
answer to part (a) must be the same as the answer to 
Problem 77. (You do not need to solve Problem 77 to 
answer this question.)

 75. A heat engine operates between two reservoirs at T2 5  
600 K and T1 5 350 K. It takes in 1.00 3 103 J of energy 
from the higher-temperature reservoir and performs 
250 J of work. Find (a) the entropy change of the Uni-
verse DSU for this process and (b) the work W that 
could have been done by an ideal Carnot engine oper-
ating between these two reservoirs. (c) Show that the 
difference between the amounts of work done in parts 
(a) and (b) is T1 DSU .
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4. [16pts] A transverse sinusoidal wave on a string has a period T = 35.0 ms and travels
in the negative x direction with a speed of 30.0 m/s. At t = 0, an element of the string
at x = 0 has a transverse position of 2.00 cm and is traveling upward with a speed of
200 cm/s.

(a) What is the amplitude of the wave? [6 pts]

(b) What is the initial phase angle? [4 pts]

(c) What is the maximum transverse speed of an element of the string [2 pts]

(d) Write the wave function for the wave filling in all values as appropriate. [4 pts]
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5. Two train whistles have identical frequencies, f . When one train is at rest in the
station and the other is moving nearby along a straight track, a commuter standing
next to the track hears beats with a frequency of fb when the whistles operate together.
Let v be the speed of sound. Find expressions for the two possible speeds the moving
train can have, and give the direction the train is moving in each case. [8 pts]
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6. [10pts] The distance between an object and its upright image is 18.0 cm. If the
magnification is 0.500,

(a) what kind of mirror is being used to form the image? [1 pt]

(b) what is the focal length of the mirror? [9 pts]
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7. [14pts] In the double-slit arrangement shown, the slit separation is d, the distance to
the screen is L, the wavelength of incident light is λ, and the distance from the center
of the screen to the point P is y.

(a) What are the conditions on δ for constructive interference and for destructive in-
terference? (If you introduce any new variable say what values it can take.) [3 pts]

(b) Find an expression for the path difference δ for the rays from the two slits arriving
at P in terms of d, y, and L, assuming y << L. [4 pts]

(c) Suppose the width of each slit is about d
10

. You notice that the 10th order bright
fringes of the double-slit interference pattern are missing, but you can see more
faint bright fringes beyond that. What effect is causing this? [2 pts]

(d) If a thin sheet of transparent plastic having an index of refraction n and thickness t
is placed over the upper slit (S1), the central maximum of the interference pattern
moves upward a distance y′. Assuming (n− 1) << 1 and t

d
< 1, find y′ in terms

of n, d, t, and L. [5 pts]

1154 Chapter 37 Wave Optics

The red lines in Figure 
P37.22 represent paths 
along which maxima in 
the interference pattern 
of the radio waves exist. 
(a) Find the wavelength 
of the waves. The pilot 
“locks onto” the strong 
signal radiated along an 
interference maximum 
and steers the plane to 
keep the received signal 
strong. If she has found 
the central maximum, 
the plane will have precisely the correct heading to land 
when it reaches the runway as exhibited by plane A.  
(b) What If? Suppose the plane is flying along the first 
side maximum instead as is the case for plane B. How 
far to the side of the runway centerline will the plane be 
when it is 2.00 km from the antennas, measured along 
its direction of travel? (c) It is possible to tell the pilot 
that she is on the wrong maximum by sending out two 
signals from each antenna and equipping the aircraft 
with a two-channel receiver. The ratio of the two fre-
quencies must not be the ratio of small integers (such as 
3
4). Explain how this two-frequency system would work 
and why it would not necessarily work if the frequencies 
were related by an integer ratio.

Section 37.3  Intensity Distribution of the Double-Slit 
Interference Pattern
 23. Two slits are separated by 0.180 mm. An interference 

pattern is formed on a screen 80.0 cm away by 656.3-nm  
light. Calculate the fraction of the maximum intensity a 
distance y 5 0.600 cm away from the central maximum.

 24. Show that the two waves with wave functions given by 
E 1 5 6.00 sin (100pt) and E 2 5 8.00 sin (100pt 1 p/2)  
add to give a wave with the wave function  
ER sin (100pt 1 f). Find the required values for ER and f.

 25. In Figure P37.18, let L 5 120 cm and d 5 0.250 cm. 
The slits are illuminated with coherent 600-nm light. 
Calculate the distance y from the central maximum for 
which the average intensity on the screen is 75.0% of 
the maximum.

 26. Monochromatic coherent light of amplitude E 0 and 
angular frequency v passes through three parallel 
slits, each separated by a distance d from its neighbor.  
(a) Show that the time-averaged intensity as a function 
of the angle u is

I 1u 2 5 Imax c1 1 2 cos a2pd sin u
l

b d 2

  (b) Explain how this expression describes both the pri-
mary and the secondary maxima. (c) Determine the 
ratio of the intensities of the primary and secondary 
maxima.

 27. The intensity on the screen at a certain point in a double- 
slit interference pattern is 64.0% of the maximum 
value. (a) What minimum phase difference (in radi-
ans) between sources produces this result? (b) Express 

M
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angle u2 with respect to the normal, and an interfer-
ence maximum is formed by those rays on a screen 
that is a great distance from the slits. Show that the 
angle u2 is given by

u2 5 sin21 asin u1 2
ml

d
b

  where m is an integer.

 20. Monochromatic light of wavelength l is incident on a 
pair of slits separated by 2.40 3 1024 m and forms an 
interference pattern on a screen placed 1.80 m from 
the slits. The first-order bright fringe is at a position 
ybright 5 4.52  mm measured from the center of the 
central maximum. From this information, we wish to 
predict where the fringe for n 5 50 would be located.  
(a) Assuming the fringes are laid out linearly along 
the screen, find the position of the n 5 50 fringe by 
multiplying the position of the n 5 1 fringe by 50.0. 
(b) Find the tangent of the angle the first-order bright 
fringe makes with respect to the line extending from 
the point midway between the slits to the center of the 
central maximum. (c) Using the result of part (b) and 
Equation 37.2, calculate the wavelength of the light. 
(d) Compute the angle for the 50th-order bright fringe 
from Equation 37.2. (e) Find the position of the 50th-
order bright fringe on the screen from Equation 37.5. 
(f) Comment on the agreement between the answers 
to parts (a) and (e).

 21. In the double-slit arrangement of Figure P37.21, d  5 
0.150 mm, L 5 140 cm, l 5 643 nm, and y 5 1.80 cm. 
(a) What is the path difference d for the rays from the 
two slits arriving at P ? (b) Express this path difference 
in terms of l. (c) Does P correspond to a maximum, 
a minimum, or an intermediate condition? Give evi-
dence for your answer.

d

S1

S2 d

L
Viewing screen

P

O

y

r1

r2
u u

Figure P37.21

 22. Young’s double-slit experiment underlies the instrument 
landing system used to guide aircraft to safe landings at 
some airports when the visibility is poor. Although real 
systems are more complicated than the example 
described here, they operate on the same principles. A 
pilot is trying to align her plane with a runway as sug-
gested in Figure P37.22. Two radio antennas (the black 
dots in the figure) are positioned adjacent to the run-
way, separated by d 5 40.0 m. The antennas broadcast 
unmodulated coherent radio waves at 30.0 MHz.  
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Figure P37.22
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8. [10pts] A lens made of crown glass (ng = 1.52) is coated with a thin film of MgF2

(ns = 1.38) of thickness t = 95.1 nm. Visible light is incident normally on the coated
lens as shown.

(a) What is the phase change for light that reflects off of the thin film back into the
surrounding air? [1 pt]

(b) For what frequency will the reflected light be missing, assuming the lens coating
was made as thin as possible to achieve this effect? [4 pts]

(c) What is the frequency of light that is closest to your answer to part (b) such that
all of the incident light at that frequency is reflected? [4 pts]

(d) Humans cannot see frequencies higher than about 7.5 × 1014 Hz, or lower than
about 4.6× 1014 Hz. Why would a thin film coating like the one in this question
be put onto a lens? [1 pt]

 Problems 1155

value of the plate separation d is the transmitted light 
bright?

 36. An oil film (n 5 1.45) floating on water is illumi-
nated by white light at normal incidence. The film is  
280 nm thick. Find (a) the wavelength and color of the 
light in the visible spectrum most strongly reflected 
and (b) the wavelength and color of the light in the 
spectrum most strongly transmitted. Explain your 
reasoning.

 37. An air wedge is formed between two glass plates sepa-
rated at one edge by a very fine wire of circular cross 
section as shown in Figure P37.37. When the wedge is 
illuminated from above by 600-nm light and viewed 
from above, 30 dark fringes are observed. Calculate 
the diameter d of the wire.

d

Figure P37.37 Problems 37, 41, 49, and 59.

 38. Astronomers observe the chromosphere of the Sun 
with a filter that passes the red hydrogen spectral  
line of wavelength 656.3 nm, called the Ha line. The 
filter consists of a transparent dielectric of thickness  
d held between two partially aluminized glass plates. 
The filter is held at a constant temperature. (a) Find 
the minimum value of d that produces maximum 
transmission of perpendicular Ha light if the dielec-
tric has an index of refraction of 1.378. (b) What If? 
If the temperature of the filter increases above the 
normal value, increasing its thickness, what happens 
to the transmitted wavelength? (c) The dielectric will 
also pass what near-visible wavelength? One of the 
glass plates is colored red to absorb this light.

 39. When a liquid is introduced into the air space between 
the lens and the plate in a Newton’s-rings apparatus, 
the diameter of the tenth ring changes from 1.50 to 
1.31 cm. Find the index of refraction of the liquid.

 40. A lens made of glass (ng 5 1.52) is coated with a thin 
film of MgF2 (ns 5 1.38) of thickness t. Visible light 
is incident normally on the coated lens as in Fig-
ure P37.40. (a) For what minimum value of t will the 
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this phase difference as a path difference for 486.1-nm 
light.

 28. Green light (l 5 546 nm) illuminates a pair of narrow, 
parallel slits separated by 0.250 mm. Make a graph of 
I/Imax as a function of u for the interference pattern 
observed on a screen 1.20 m away from the plane of 
the parallel slits. Let u range over the interval from 
20.3° to 10.3°.

 29. Two narrow, parallel slits separated by 0.850 mm are 
illuminated by 600-nm light, and the viewing screen 
is 2.80 m away from the slits. (a) What is the phase dif-
ference between the two interfering waves on a screen 
at a point 2.50 mm from the central bright fringe?  
(b) What is the ratio of the intensity at this point to the 
intensity at the center of a bright fringe?

Section 37.4  Change of Phase Due to Reflection
Section 37.5  Interference in Thin Films
 30. A soap bubble (n 5 1.33) floating in air has the shape 

of a spherical shell with a wall thickness of 120 nm.  
(a) What is the wavelength of the visible light that is 
most strongly reflected? (b) Explain how a bubble of 
different thickness could also strongly reflect light of 
this same wavelength. (c) Find the two smallest film 
thicknesses larger than 120 nm that can produce 
strongly reflected light of the same wavelength.

 31. A thin film of oil (n 5 1.25) is located on smooth, 
wet pavement. When viewed perpendicular to the 
pavement, the film reflects most strongly red light at  
640 nm and reflects no green light at 512 nm. How 
thick is the oil film?

 32. A material having an index of refraction of 1.30 is used 
as an antireflective coating on a piece of glass (n 5 
1.50). What should the minimum thickness of this film 
be to minimize reflection of 500-nm light?

 33. A possible means for making an airplane invisible to 
radar is to coat the plane with an antireflective poly-
mer. If radar waves have a wavelength of 3.00 cm and 
the index of refraction of the polymer is n 5 1.50, how 
thick would you make the coating?

 34. A film of MgF2 (n 5 1.38) having thickness 1.00 3 
1025 cm is used to coat a camera lens. (a) What are the 
three longest wavelengths that are intensified in the 
reflected light? (b) Are any of these wavelengths in  
the visible spectrum?

 35. A beam of 580-nm light passes through two closely 
spaced glass plates at close to normal incidence as 
shown in Figure P37.35. For what minimum nonzero 

W

Q/C

W

M

W

d

Figure P37.35

Glass

MgF2

Incident
light

t

Figure P37.40
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P = F
A

P = P0 + ρgh

B = ρgV

A1v1 = A2v2

P + 1
2
ρv2 + ρgy =const.

∆L = αLi ∆T

∆V = βVi ∆T

PV = nRT

PV = NkBT (nR = NkB)

n = m
M

Q = C ∆T

Q = cm∆T

Q = mL

∆Eint = W +Q

Won gas = −
∫ Vf
Vi
P dV

W = nRT ln
(
Vi
Vf

)
P = kA

∣∣dT
dx

∣∣
P = kA

(
Th−Tc
L

)
P = σAeT 4

P = 2
3
N
V
K̄

K̄ = 1
2
m0v2 = 3

2
kBT

Ktot,trans = 3
2
NkBT = 3

2
nRT

e = 1− 1
(V1/V2)(γ−1)

Q = nCV ∆T

Q = nCP ∆T

∆Eint = nCV ∆T

γ = CP

CV

PV γ = const.

TV γ−1 = const.

nV (E) ∝ e−E/kBT

Nv ∝ v2e−m0v2/2kBT

vrms =
√

3kBT
m0

∆S =
∫ f
i

dQr

T

∆S = nCv ln
(
Tf
Ti

)
+ nR ln

(
Vf
Vi

)
S = kB lnW

e = Weng

|Qh|
= |Qh|−|Qc|

|Qh|
= 1− |Qc|

|Qh|

COP (cooling) = |Qc|
W

COP (heating) = |Qh|
W

e = Th−Tc
Th

= 1− Tc
Th

∫ v+dv

v
Nv dv =

∫ v+dv

v
4πN

(
m0

2πkBT

)3/2

v2e−m0v2/2kBT dv
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f = 1
T

k = 2π
λ

ω = 2πf

T = 2π
√

m
k

T = 2π
√

L
g

∂2y
∂x2

= 1
v2
∂2y
∂t2

y(x, t) = f(x∓ vt)

v = fλ = ω
k

v =
√

T
µ

y(x, t) = A sin (kx− ωt+ φ)

vy = ∂y
∂t

ay = ∂2y
∂t2

P = 1
2
µω2A2v

y(x, t) = [2A sin(kx)] cos(ωt)

v = (331 m/s)
√

1 + TCel

273

B = − ∆P
∆V/Vi

y(t) =
∑∞

n=1

(
An sin(2πnft) +Bn cos(2πnft)

)

v =
√

B
ρ

s(x, t) = smax cos(kx− ωt)

∆P (x, t) = (∆Pmax) sin(kx− ωt)

∆Pmax = B smaxk = ρvωsmax

I = Pavg

A

Pavg = 1
2
ρvω2As2

max

λn = 2L
n

fn = nv
2L

λ2n+1 = 4L
(2n+1)

f2n+1 = (2n+1)v
4L

|L2 − L1| = nλ

|L2 − L1| = (2n+1)λ
2

fbeat = |f1 − f2|

β = 10 log10

(
I
I0

)
f ′ =

(
v±v0
v∓vs

)
f

sin θ = v
vs

Mach number = vs
v

E = hf

n = c
v

n1 sin θ1 = n2 sin θ2

sin θc = n2

n1

M = h′

h

f = R
2

1
p

+ 1
q

= 1
f

n1

p
+ n2

q
= n2−n1

R

1
f

= (n− 1)
(

1
R1
− 1

R2

)
I ∝ E2

d sin θ = mλ

d sin θ = (m+ 1
2
)λ

I = Imax cos2
(
πd sin θ
λ

)
2nt = (m+ 1

2
)λ

2nt = mλ

r ≈
√

mλR
n

sin θ = mλ
a

I = Imax

(
sin(πa sin θ/λ)
πa sin θ/λ

)2

θmin = 1.22 λ
D

I = Imax cos2 θ

tan θp = n2

n1
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