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Preface

Learning a new language begins with simple declarative sentences: “The house is tall;” or
“The train leave New York Penn Station at 9:18 am for Boston.” Mastery of a language
means that one understands more complex sentences with relative clauses, or that one can
carry a conversation which frequently onvolves gramatically incorrect phrases . Learning
physics is similar.

The analog of a declarative sentence is a “one-step problem:” Given the (net) force
F =13.0N acting on a blcok with mass m = 4.2kg, find the acceleration of the block.” The
solution is straightforward: one finds a = F/m = (13.0N)/(4.2kg) = 3.1m/s>. In Bloom’s
Taxonomy, one-step problems test “Knowledge” and ‘Comprehension.” More challenging
problems correspond to the middle rung: Students must “use abstraction in (...) concrete
situation” and “break down the problems into its constituent elements such that the hier-
archy between ideas is made clear (...).” In a next step, these ideas are “[put] together (...)
to form a whole.”

Many students often struggle with more complex problems; they cannot identify the
proper physics principle that applies to a particular situation. For example, it is not clear to
them whether to apply Newton’s second law, the conservation of energy, or the conservation
of (linear) momentum. In standard textbooks, end-of-chapter are organized in chapters and
sections (“conservation of linear momentum,” “work-kinetic energy theorem,” etc). There
are few end-of-chapter problems where different concepts are combined.

I teach at a comprehensive public university, and this collection reflects my experience. A
significant fraction of my students has never taken any physics course and their mathematics
skills are “rusty.” I would find it unrealistic for my students to first find symbolic solutions
of problems, and only insert numerical values in a last step. Therefore, exam problems
for my algebra-based introductory physics course are numerical, and the problems in this
collection mirrors this choice.

This is a compromise, and I recognize, of course, that some physical insight is easily
lost this way. Another compromise deals with the context of the problems. Students in
my College Physics are mostly in pre-med/dental /vet tracks or are majoring in biology, and
health science. It is important for these students to discuss application of physics to realistic
problems from biology and medicine, but I limit these context-rich examples to my lectures
since they easily become too challenging especially for students who have not taken the
pre-requisite (general and organic) chemistry, biology, and perhaps physiology classes. On
the other hand, I expect my students to incorporate multiple physics concepts in a single
problems.

This book grew out from my collection of exam problems, and were only slightly modified:
they tend to be the challenge problems. I generally avoid using “energy” or “work” in
problems that are based, e.g., on the conservation of energy or the work-kinetic energy
theorem. For the most part, the physical systems and numerical values are chosen to be
realistic. This is challenging for Electricity & Magnetism problems since a nano- (and most
certainly micro-) Coulomb charges are enormous; it is difficult to find realistic systems that
combine electric and mechanical forces (the familiar Millikan experiment is the exception
rather than the rule). The numerical values are chosen to avoid accidental cancelations
and “round” values: that is, the mass of a block is not 1 kg, forces are not 100 N, etc. A
general-purpose calculator is sufficient and a graphing calculator is not needed (however,
one problems requires a program such as Fzcel). Frequently used values [e.g., the mass of
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an electron, the speed of light, etc| are not repeated in individual problems and are included
in the collection of formulas. Other values, e.g., the specific heat of water, are given in
individual problems. Unless specified, we always assume that air resistance can be ignored
for projectile motion and free-fall. The solutions are fairly detailed; in general only one
solution is given, although in many cases more than one solution is possible.

[ expect (and hope!) that some readers (especially teachers) disagree with some of my
choices; I would welcome a greater variety of books and collection of problems. They should
become available since publishers such as Bookboon have greatly lowered the barriers for
publications.

This book is dedicated to my students at Cleveland State University; they challenge me
to think "creatively” and come up with “fun” problems for introductory physics.

Cleveland, OH
March, 2015
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Formulas and Constants

Vector:

Components of a vector: A=A+ Ay, where Z and ¢ are the unit vectors

The components of a vector can be written: A, = Acosf and A, = Asinf, where 0 is the
angle with the positive z-axis [in counter-clockwise direction)].

Vector addition. The vector C' = A+ B has components: C, = A, + B, and Cy = A, + B,

Graphs:
Slope is defined as rise over run.

Motion in One Dimension:

Displacement Az = x1 — xg

average velocity: vae = Ax/At = (x1 — z0)/(t1 — to)

average acceleration: @y = Av/At = (v1 —vg)/(t1 — to)-

For constant accleration a: v = vg + at and x = xy + vot + %atQ.

Here x4 and vy are the position and velocity at time ¢ = 0, respectively.
Eliminate time ¢: v? = v2 + 2a(x — xy).

Free Fall:

Time dependence: v, = vy — gt, and y — yo = vyt — %th.
Eliminate time: UZO — vg = 2gAy.

Here, g =9.8m/ s? is the acceleration due to gravity.

Motion in Two Dimensions:

Horizontal x and vertical components y: 7= xZ + yy
average velocity: U = AT/At = (71 — 70)/(t1 — to)
average acceleration: @y = AU/At = (U] — )/ (t1 — to)-

Projectile Motion:
Initial velocity Up: vg = vg cos by and vy, = vgsin by along horizontal and vertical [up/]:

Up = U0 & = To+ Vot
1
Uy = Uyo — gt, Y = Yo+ Voyt — §gt2.

Dynamics and Newton’s Laws:

Newton’s second law: F' = md.

Normal force Fy is perpendicular to the surface.

Kinetic friction: fy = pupFn

maximum static friction: fsmax = s Fn-

Here, py and pg are the coefficients of kinetic and static friction, respectively.

Uniform circular motion: Speed v = 27r/T.

Centriptal acceleration: a, = v?/r [magnitude], directed towards center.
Centripetal force F, = ma,.
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Work and Energy:

Work done by a force: W = F'scosf, where 0 is the angle between force and displacement.
Kinetic energy: KE = mov?/2

Work- Kinetic Energy Theorem: W = KE; — KE.

Gravitational potential energy: PE = mgh (or mgy)

Work and energy have units [W] = [KE| = [PE] = 1J (Joule).

Work done by gravitational force: Wyravity = —APE = mgho — mghy

Conservation of mechanical energy if nonconservative forces are zero: £ = KE+PE = const.
Work done by nonconservative, e.g., friction, force: Wy = Enecn,f — Emech,i-

Power is work per time: P = W/tFv; Units [P] = 1J/s = 1 W (Watts).

Linear Momentum:

Momentum: p'= muv.

System of masses: total mass M = mq + mqy + ...
Center of mass in 2 dimensions:

o miT1 + MoZo + ... My + Moy + ..
o my + mo + ... Yom my + mo + ...
Total momentum of a system of masses: P = P+ pat ... = My,

For an isolated system [ie., no external forces]: total momentum is constant P = const.

Impulse: J= ﬁavAt, where anveﬂis the_’average force.
Impulse- momentum theorem: J = AP.

Rotations:

Arc length: s = rf with [f] = rad|

Average angular velocity w = Af/At: w > 0 if counterclockwise and w < 0 if clockwise.
average angular acceleration: & = Aw/At

For o = const: « is constant: w = wg + at, 0 = 0y + wot + %atQ, w? = Wi + 2aA0.
Tangential velocity: v; = rw (with w in rad/s).

Torque produced by force: 7 = F'l, where [ is the lever arm - same sign convention as w.
Rigid objects in mechanical equilibrium: Y F, =0, > F, =0, .7=0

Moment of inertia: I = mr? (units [[] =kgm?) : > 7= Ia.

Work done by torque: W = 76

Kinetic energy: KE = Iw?/2.

Angular momentum: L = Jw; AL/At =71

If not net external torque: » 7 = 0, then L = const.

Oscillations:

Hooke’s law: F' = —kx, where k is the spring constant (units [k] = N/m)
Potential energy: PE = kxz?/2.

Harmonic motion: equation of motion: a = —(k/m)r = —w?x with w = \/k/m
Period of oscillation: T' = 27 /w, frequency f =1/T = w/27

Simple pendulum (mass attached to a string with length L): T'=2mw+/L/g
Displacement: x(t) = A cos(wt), velocity v(t) = —Awsinwt,

acceleration: a(t) = —Aw? cos wt; maximum values vy = WA and apax = W?A.

Download free eBooks at bookboon.com



Fluids:

Pressure: P = F'/A (units [P] = N/m? = Pa)

hydrostatic pressure: P, = P, + pgh.

Archimedes principle: magnitude of buoyant force equals to weight of displaced fluid
Mass flow: Am/At = pAv, Volume flow rate: AV/At = Av

Equation of continuity: p;Ajv; = paAsvs.

Bernoulli equation: P + %pv% + pgy1 = P + %pv% + pPgys.

Thermodynamics:

Absolute zero temperature: 0K, or T'= —273.15°C

Temperature difference: AT =1°C = 1K = £°F.

Specific heat ¢: Q = mcAT

Latent heat L: Q = mL

Stefan-Boltzmann law: Intensity S = P/A = eaT* blackbody radiation for € = 1.

Ideal gas law: PV = nRT, where n is the number of molecules

Alternatively, PV = NkgT, where N is the number of molecules.

Kinetic theory of gases. For a molecule with mass m: KE = mv? /3 = (3/2)kT
Internal energy of ideal gas U = (3/2)nRT [monatomic| and U = (5/2)nRT [diatomic]
First law of thermodynamics. AU = Q — W

@ > 0 if heat added to the system; ) < 0 if heat removed from the system

W > 0 if work is done by system, W < 0 if work is done on system.

Isobaric processs P = const: W = P(V; — V).

Isothermal process 7" = const: W = nRT In(V;/V}).

Adiabatic process (Q = 0): W = (3/2)nR(T; — T}).
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Waves:

Frequency f and wavelength \: wave speed v = A\ f

For a string of linear mass density m/L and tension F: v = +/F/(m/L)

For surface water waves v = v/gd, where d is the depth of water.

Power P and intensity I of wave: I = P/A, where A is surface area, e.g., A = 47r?

Doppler effect: f, frequency from source and f, observed frequency.

Moving source:
1
fo= 1 (ﬁ) |

where “+47 of source moves away observer and “-” if source moves towards from observer.
Moving observer:

fo= 1 (1£2).

where “+” if observer moves toward source and “-” of observer moves away from source.
Approximation for v, s << v: Af/fs = tv,s/v (“+7 when source/observer move towards
each other and “-” when source/observer recede from each other).

Two sources vibrating in-phase (out-of-phase), path lengths [; o = vty 5.
constructive (destructive) interference: Al = |l — ly| = nA with n =10,1,2, ...
destructive (constructive) interference: Al = |l; — 3| = (n 4+ 1/2)\ with n =0,1,2, ...

Diffraction single slit: sinf = A/D, where 6 is the angle to first minimum.

Standing waves:
String with length L fixed at both ends: f, = n(v/2L) with n =1,2,3...
Tube with length L with one end open and other closed: f, =n(v/4L) with n =1,3,5, ...

Electric Forces and Electric Fields:

Elementary charge e = 1.602 x 10719 C

Charge of an electron ¢. = —e and charge of a proton ¢, = +e
Charges are “quantized:” () = Ne, where N =0,+1,£2,....

Coulomb force: like charges repel and unlike charges attract.
Force directed along the line connecting the two charges
Magnitude of Coulomb force between charges ¢; and ¢, separated by distance 7:

N m?

o

F= k|Q1‘ ‘2|Q2‘
T

. k=899 x 10°

Force on a charge ¢: F = ¢FE.
Parallel capacitor with surface charge density o = Q/A: E = o/¢.

Potential V' = EPE/qq

Potential due to a point charge ¢: V' = kq/r.

Relationship between electric field and potential £ = —AV/As
Dielectric constant k = Ey/FE with k > 1; k ~ 1 for air.
Capacitance C' = Q/V
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Problems for Algebra-Based College
Physics | & ll: including Hints and Solutions Formulas and Constants

Parallel plate capacitor: C' = kegA/d (A: area and d: separation)
Electric field inside parallel plate capacitor: £ = V/d

Energy stored in capacitor: U = (1/2)CV?

Energy density of electric field: u = U/Vol = (1/2)eyE?.
Capacitors in series: 1/Ceq = 1/C1 +1/Cy + ...

Capacitors in parallel: Coq = C7 + Cy + ...

Electric Currents:

Current I = Agq/At. Units [[] =1A=1C/s

Ohm’s law: V/I = R = const. Units [R] = 1V/A =1Q

Power dissipated in resistor R: P =1V = I?’R=V?/R.

Resistors in series; Req = 1 + R + ...

Resistors in parallel: 1/Req =1/Ry +1/Ry + ...

Kirchhoft’s rules: (1) junction: > Iin = > Iou (2) loop: > Viare = Y. Vg
RC-circuit: ¢q(t) = qo exp(—t/7); time constant 7 = RC.

INNOVATIVE
LIKE YOU.

If you're hoping for a truly modern education, one where you're
encouraged to speak your mind and to think long-term, both when
it comes to your own future and the future of the planet. Then the
University of Gothenburg is the place for you.

Study a Master’s programme in Gothenburg, Sweden | www.gu.se/education UNIVERSITY OF
GOTHENBURG
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Magnetic Fields: .
Force on moving charge F' = quBsinf (6 angle between velocity v and magnetic field B)
Direction of magnetic force: [right-hand rule]

Magnetic field B with units [B] =1(Ns)/(Cm) =1T

magnetic force on wire with length L: F' = [LBsinf

Magnetic field produced by long straight wire: B = ol /271, where r is the radial distance.
Direction of magnetic field lines: counter-clock wise [right hand rule]

Magnetic field at the center of a current loop with radius R: B = pugNI/2R.

Magnetic field inside a solenoid: B = ugnl (n = N/L number of turns per unit length)

Motional EMF: & = vBI

Magnetic flux: ® = BAcos ¢

Induced EMF: €& = —A¢/At.

Self inductance L: &€ = —LAI/At.

Magnetic energy U = LI*/2 LC-circuit: resonance frequency f =1/ 21V LC
Magnetic energy density: u = U/Vol = B? /2.

Electromagnetic Waves:

E 1 B and both are perpendicular to the direction of propagation
Wavelength A and frequency f: ¢ = Af, where c is the speed of light
energy density u = egE? = B%/ g

rms values: Euns = Fo/v/2 and B = Bo/V?2 = Eus/c.
Average intensity: S = cii, where @t = ¢ B2, or S = cegE2,..
Rays are perpendicular to wave fronts

Speed of light in material v: n = ¢/v [index of refraction]

Reflection: 6, = 6,

Snells’s law: ny sin 6/, = ny sin 6y, where ¢, 5 are the angles with respect to normal
Total internal reflection when 6, = 90°.

Geometric Optics:
Spherical mirror with radius of curvature R: f = +R/2 [concave] and f = —R/2 [convex]
Object distance d, > 0; image distance d; > 0 in front of mirror and d; < 0 behind mirror

Mirror equation:
1 1 1

A
Object height h, and image height h; > 0 if upright and h; < 0 if upside down
Magnification:

Focal length of lens: f > 0 (converging) and f < 0 (diverging)
Object distance d, > 0; image distance d; > 0 behind land d; < 0 if in front of lens

This-lens equation:
1 1

Ly
do dz B f
Object height h, > 0 and image height h; > 0 if upright and h; < 0 if upside down
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Magnification:

Eye glasses: diopters D = 1/f with f in meters.

Interference:
Young’s double-slit experiment with wavelength A and distance d between slits:

A 1\ A
sinf = m (bright fringes), sinf = <m + 5) p (dark fringes), m =0,1,...

Single-slit diffraction with wavelength A\ and width W of slit:
. A .
sinf = m— (dark fringes), m=1,2,...
w
Diffraction grating with wavelength \ and distance d between neighboring slits:
: A o .
sinf = m (principal maxima), m=1,2,....
Resolving “power:” O, = 1.22 X/ D [in radians]

Special Relativity:
Energy E - momentum p: E? = p?c? + m?c?
Rest energy of object when p = 0: E = mc?.

For particles with zero mass m = 0 (e.g., photons) E = pc.

Particles and Waves:

Photon with frequency f: energy ' = hf

Photoelectric effect: hf = KE, .« + Wy, where W, is the work function of the metal
Compton effect: X' — X = (h/mc)(1 — cos0)

de Broglie wavelength for particle with momentum p = mv: A = h/p

Heisenberg uncertainty relation: Ap Ax > (h/4r) and AE At > (h/4m)
“Particle-in-a-box:” A\ = 2L/n and E,, = h®n?/(8mL?)

For hydrogen atom: Bohr energy levels: E, = —(13.6eV)/n%. Line spectrum of hydrogen:

% =R (i — i) ., R=1.097 x 10"m™*,

n?  m2

Lyman series n = 1 and m = 2, 3,4...; Balmer series n = 2 and m = 3,4, 5, ...;
Paschen series n = 3 and m = 4,5,6, ....

Nuclear Structure:
Symbols 42X with A the number of protons and neutrons and Z the number of protons
Atomic mass unit: mass of one atom of §*C is 12 u.
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Problems for Algebra-Based College
Physics | & ll: including Hints and Solutions Formulas and Constants

Radioactivity:

Time constant 7 and decay constant A = 1/7: fractional loss AN/N = —At/7
Number of radioactive isotope at time t: N(t) = Ngexp(—t/7)

Half life: T}/, = In2/A

Activity: A = number of decays per time, [A] = Bq =s"!; Curie: 1Ci = 3.7 x 10!°Bq

Useful Constants:

Avogadro Number N4 6.022 x 10?3
Boltzmann constant k 1.38 x 107 J/K
Elementary charge e 1.602 x 107 C
Constant in Coulomb’s law & 8.99 x 10 Nm?/C?
Planck’s constant h 6.67 x 1073 Js

Mass of electron m, 9.109 x 103t kg

Mass of neutron m,, 1.675 x 107" kg

Mass of proton m,, 1.672 x 107*" kg
Atomic mass unit 1 u 1.6605 x 10~*" kg (= 931.5MeV)
Electric permittivity of free space ¢ 8.85 x 10712C? /(N m?)
Magnetic permeability of free space iy 47 x 107" Tm/A
Stefan-Boltzmann constant o 5.67 x 1078 J/(sm? K?)

Quadratic equation
The equation ax? 4+ bx + ¢ = 0 with coefficients a, b, and ¢ has two solutions

—b+Vb? —4dac
T+ — .
2a

I B Sweden
I B Sverige

LiNnkoping University -
iNnNovative, Nignly rankeg,
European
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PROBLEMS
1: MECHANICAL SYSTEMS

Problem 1.1: A train robber with mass m = 82kg stands on a runaway railway cart
traveling at a velocity v; = 3.2m/s. He passes by a slower cart traveling at the velocity
ve = 1.3m/s. Each cart has the mass M = 253kg. The tracks are parallel, and he jumps
perpendicular to the tracks. Assume that the component of the velocity parallel to the
tracks of the robber while in air is identical to the velocity of the cart from which he jumps.
Only consider the velocities parallel to the tracks.

a) He jumps to the slower car. Find the speed of the slower cart with him safely on!

b) He immediately notices that his mistake and jumps back to the faster cart. Find the
speed of the faster cart with him safely on it!

c) He leaps off a cart in 0.3 s, is in air for 0.8 s, and safely lands on a cart in 1.2 s. Find
the forces [vector!] along the acting on him!

d) Explain the directions of the forces in part ¢) [Open ended question).

Problem 1.2: A bob with mass m = 1.2kg is attached to a string 1.2 kg /,
with length L = 0.86 m that, in turn, is secured to vertical pole
mounted on a cart with mass M = 5.4kg. The cart moves on friction-
less wheels. The rope is pulled from the vertical and then released;
the cart is initially at rest. =

a) The bob swings towards the vertical and reaches the velocity 5.4 kg

v =1.8m/s. What is the velocity of the cart at that instant? o &
b) Find the angle 6, from which the bob is released!

c) What is the horizontal displacement of the cart when the bob is

in the vertical position?

d) How long does it take for the bob return to its original position?

N
Problem 1.3: On the northern hemisphere, winds blow dominantly e

west-to-east (due to the Earth rotation). A sailboat can travel along W 4 |_S|and A
two different routes: #1 at the angle 6, = 38° south-of-east and S % N
#2 at the angle ; = 63° south-of-west. The speed of the sailboat ~ ........

iS Upoat = 6.5km/h for both routes. Two islands A and B are on the
W 154° longitude; island B is 45 km south from A. The skipper starts
on island A and wants to arrive at island B.

a) The skipper first sails along route #1 for 2 hours and then continues /
#2/. Island B

along route #2. Where does she cross the W 154° longitude?
b) How long does the skipper stay on route #1 so that she arrives
on island B?
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Problem 1.4: A tennis ball is fired from a gun mounted on the floor. The tennis ball has
an initial speed vy = 25.0m/s and is launched at an angle of fy = 35° above the horizontal.
You stand 57.0 m away from the gun.

a) At what time do you catch the ball? Assume that ¢ = 0 when the ball is fired.

b) What is the height of the ball above ground when it reaches your racket?

c) What is the speed of the tennis ball when it reaches your racket?

Problem 1.5: A 0.3-kg brick falls from a height of 8.0 m and hits the ground.

a) What is the speed of brick just before it hits the ground.

b) What is the impulse exerted by the ground on the brick.

c) It takes 0.012 s from the moment when the brick first touches the ground until it comes
to rest. What is the average force exerted by the ground on the brick.

Problem 1.6: A 45.0-g golf ball is hit by a club off the tee. P
After the hit, the ball flies off with a speed of v = 19.0m/s.

a) What is the work done by the club on the ball? Ay=0.6m
b) The golf ball is compressed 1.2 mm while it is struck by the .

club. What is the average force that the club exerts on the ball?

c) The ball undergoes projectile motion. The point P is at the Ax=234m

distance Ax = 23.4m down the faraway, and at the height Ay = 9.6 m

above the (level) ground. What is the work done on the ball by the

gravitational force, while the ball flies from the tee to the point P?
d) What is the speed of the golf ball at the point P?

Problem 1.7: You throw a ball up in air from an initial height of 1.0 m above the ground.
You observe that the ball just reaches the top of your house that is 15.0m high. Consider
only the vertical motion of the ball.

a) What is the initial speed of the ball when it leaves your hand?

b) You miss the ball when it comes down, and it falls to the ground. Find the velocity
(vector!) of the ball before it hits the ground.

c) Find the average velocity (vector!) of the ball during the entire flight.

d) How long is the ball up in air?

Problem 1.8: The hanging block (with mass m; = 3.0kg) and A
the block (with mass mq = 5.0kg) sitting on the table are connected
by a rope. The coefficient of kinetic friction between the block and

the table is p = 0.24.

a) Draw the free-body diagrams for the for the two blocks.

b) Write down Newton’s second law for the blocks.
c) Find the magnitude of the (common) acceleration of the blocks.

d) Find the tension in the rope.
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Problem 1.9: A uniform pole of weight W = 240.0 N and length

L =5.2m is at rest on a rough 30° incline and is secured by a

horizontal rope at its center. The pole stands perpendicular

to the incline.

a) Draw the free-body diagram for the pole. 30
b) Write down Newton’s second law for the pole.

c) Choose an axis of rotation and calculate the torque about that axis.

d) Find the tension in the rope.

e) Find the normal force exerted by the incline on the pole.

Problem 1.10: A string is wrapped around a circular disk with radius

r = 0.4m. The moment of inertia of the disk is I = 0.74 kg m?.

a) We pull on the string with a constant force (tension) 7= 1.4 N.

Find the magnitude of the torque exerted on the disk.

b) The disk rotates one quarter of a revolution. What is the work done
by the applied torque?

c) The disk starts from rest. What is the angular speed of the disk after

it has rotated one quarter of a revolution?

d) How long does it take to rotate the disk by one quarter of a revolution?
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Problem 1.11: A block with mass m = 0.5 kg is attached to a frictionless
pivot P by a cable of length L = 1.7m and negligible mass.

a) The block is pulled away from its vertical position so that it has a : L=1.7m

height h = 12.5 cm. :

a) How long does it take to return back to its vertical position? . Q‘

b) What is the speed of the block as it passes through the vertical position? @ 1 h=12.5cm

c) What is the tension in the cable as the block passes through
the vertical position?

Problem 1.12: An object with mass m = 0.125 kg glides h
down a frictionless bowl. The bottom of the bowl is flat.

a) The object starts from rest at the height A = 0.6 m.

What is the speed of the object when it reaches the flat part?

b) At the bottom of the bowl sits another identical object.

The two objects “stick together” after the collision. What is

the common speed of the two blocks?

c¢) The two objects then move upwards on the right side of the bowl.
Find the maximum height H on the right side of the bowl.

Problem 1.13: The vector A has components Ay =—-12and A, =2.7

a) The magnitude and direction of the vector B is ]B | = 6.4 at the angle 0p = 38° from the
+z-axis. Find the magnitude and direction of the vector C=A+B.

b) The vector D is directed in the direction 6, = 49° with respect to the +a-axis. Find

the magnitude |D| such that the sum E = A + D is directed at the angle 5 = 22° with
respect to the +x- axis.

Problem 1.14: A football is launched from the ground of a level football field. A device
inside a football keeps track of the speed [i.e., the magnitude of the instantaneous velocity].
The minumum speed of the football is vy, = 17.4m/s.

a) The football hits the ground at the distance d = 52.8 m from the launch point.

What is the launch speed of the football?

b) What is the launch angle of the football?

c¢) Find the highest point of the football above the ground.

Problem 1.15: John runs at the speed 6.0m/s. Marcia runs 15% faster than John.

a) By what distance does Marcia beat John in a 100-m race?

b) By what time does Marcia beat John in a 100-m race?

c¢) In another 100-m race, Rob is competing against Susan. Rob beats Susan by the distance
24.5 m and the time of 16.5 s. How fast are Susan and Rob running?
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Problem 1.16: Emmy starts from rest and runs at a constant acceleration a = 0.23m/ 57,
Harry starts 63 m behind Emmy and runs at a constant velocity vy = 4.7m/s. Harry gets
close to Emmy, but does never reach or get ahead of her!

a) Sketch the graph with the postions of Emmy and Harry as a function of time.

b) Where is Emmy when Harry reaches Emmy’s start position?

c) What is the distance between Harry and Emmy at the instant when Emmy runs twice
as fast as Harry?

d) What is the closest distance between Harry and Emmy? Where are Harry and Emmy
at that time?

Problem 1.17: Two blocks with masses m; = 0.97 kg and mo, = 1.20kg
are connected by a rope that passes over a frictionless pulley. They are
initially at the same height H = 21 cm above the ground.

a) What is the speed of the block m; when the mass my hits the ground?
b) What is the total (or net) work done on the mass m;? m: [l U m;
c) What is the work done by the tension on the block m;?

Find the tension in the cable. H=2tom
Problem 1.18: Three blocks with masses m; = 3.2 kg,

me = 7.4kg, and m3 = 4.1 kg, respectively, are sitting on F

a frictionless, horizontal surface. The blocks are connected —
by rigid rods. The force with magnitude |F| = 39.0N is /%
applied to the block at the center. M1 |— Ms

a) Draw the appropriate free-body diagram(s) for this problem.
b) Write down Newton’s second laws for this problem!

c) What is (are) the acceleration(s) of the blocks?

d) What are the force(s) in the two rods connected the blocks?

34 cm @4 cm
Problem 1.19: An opened umbrella has the shape of a cone / .
with side length 34 cm and angle 8 = 16°. A water droplet with / \\\ B
mass m = 4.6 g sits at the distance s = 14 cm from the top. 0=16
The coefficient of static friction between the umbrella’s fabric and
the rain drop is pus = 0.78. We spin [“twirl”] the umbrella N
around the vertical. v

a) Draw the appropriate free-body diagram for the problem.

b) Write down Newton’s second law for the problem.

c) How fast [e.g., number of rotations per minute] do you have
to spin the umbrella so that the rain drop begins to move down
the umbrella, i.e., the rain drop is dislodged?
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Problems for Algebra-Based College

Physics | & II: including Hints and Solutions Mechanical Systems
Problem 1.20: The Moon orbits the Earth in one (siderial) Moon.- .

month, or 27.3 days. @) .

a) Find the distance between the Moon and the Earth. : f

b) A (total) lunar eclipse lasts for about 60 minutes. It takes Srecla ‘
8 minutes for the Moon to become dark during a lunar eclipse. - Earth
Find the radius of the Moon. (Use Rg = 6380 km for the radius s

of the Earth). wet JoSun

Problem 1.21: A board with length [ = 1.2m and mass m = 0.3 kg

is hung by two strings attached to the end of the board and two

nails (separated by L = 1.8m). A block with mass M = 1.3 kg initially
placed in the middle of the board [shown in the picture] is moved

A = 0.3m to the right. The lengths of the strings are adjusted such

that the board remains horizontal at the height A = 0.8 m below

the nails. The board moves freely along the horizontal.

a) Draw the appropriate free-body diagram(s).

b) Write down Newton’s second law.

c) Write down the equation for the torque about the center of the board.
d) Find the tensions in the strings and the horizontal displacement of the board.
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Problem 1.22: While pacing in a hallway at a constant velocity, you drop a tennis ball
so that it falls towards the floor, and then catch the rebounding ball. The time between

dropping and catching the ball is 1.1 s.

a) Calculate the height above the floor at which the tennis ball is released.
b) Counting the tiles on the floor, you calculate that you have walked 1.7 meters when you

catch the tennis ball. How fast do you are pace?
c) Calculate the speed of the tennis ball right before it hits ground.

Problem 1.23: Starting from rest, a solid sphere [mass m = 0.1kg
and radius 7 = 0.21 m] rolls down an incline with length s = 2.4m
at the angle # = 22° with the horizontal. The moment of inertia

of a solid sphere about the center is I = (2/5)mr?; the ball rolls
without slipping. The coefficient of static and kinetic friction between
the sphere and the surface are not known.

a) Calculate the speed of the center of mass and the angular speed
of the ball at the end of the ramp.

b) Find the linear and angular acceleration of the sphere.

c) What is the friction force between the surface and the ball?

d) What can we conclude about the coeflicient of friction between
the surface and the ball?

Problem 1.24: A bob with mass m = 0.34 kg is attached to a spring
with constant & = 4.1 N/m. When the bob is along the horizontal,
the spring is at the unstretched length 0.26 m.

a) The bob is released, it swings downward and passes 1.55 m below
the pivot. What is the speed of the bob at that point?

b) What is the acceleration of the bob and the forces acting on it
when it swings through the vertical?

c) The bob-spring system slows down due to damping until the bob
eventually comes to rest. Where does the bob come to a stop?

d) Find the fraction mechanical energy that is “lost” until the bob
comes to a full stop after many swings?
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Problem 1.25: Harry and Emmy compete in a charity event.

Emmy starts at the 0-yard [0 m] line and Harry starts at the
100-yard [91.4 m] line; they run towards the opposite side

of the football field. The pass each other at the 43-yard
(39.3 m) line; Emmy finishes 5.2-s after Harry.

a) Where is Emmy at the instant when Harry just finishes

Aww3

sumo.g
09

his run?
b) How fast are Emmy and Harry running?

o

Problem 1.26: A block with mass m = 1.2kg sits on a

wedge with mass M = 5.3 kg; the incline makes the angle F %
0 = 32° with the horizontal. A horizontal force F' is applied

to the wedge such that the block does not slide down the incline,

Harry

50 100

i.e., the block moves along the horizontal only. There is no
friction between the block and the wedge and between

the wedge and the horizontal surface.

a) Draw the appropriate free-body diagram(s) for this problem.
b) Write down Newton’s second law(s) for the problem.

c) Find the magnitude of the applied force F.

mq= 3.5 kg m,= 5.0 kg
Problem 1.27: Two blocks with masses m; = 3.5kg
and my = 5.0kg are placed on a frictionless air track. )
We attach a metal strip to the block with mass m;.
The two blocks collide elastically. The block ms is initially Vip=4.2m/s Va0=0
at rest; the block m; initially travels at the speed 4.2 m/s.
We ignore the mass of the metal strip; the metal strip
acts as a spring with constant £ = 5.0 x 10> N/m.
a) After the collision, the block m; rebounds and travels at the speed 0.75 m/s. What is
the speed of the block my after the collision?
b) Since the block m; reverses direction, there is an instant when its velocity is zero v; = 0.
How much is the spring compressed at that instant?

———-
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Problems for Algebra-Based College
Physics | & II: including Hints and Solutions Mechanical Systems

Problem 1.28: A small pearl moves back and forth near the

bottom of a hemispherical bowl. The angle 6 is small enough 0,=27 R R=12 cm
that the object oscillates in simple harmonic motion. The pearl 0 \ I
rolls without slipping. The radius of bowl is R = 12 cm. v
The peart has mass m = 17.6 g and radius » = 0.5 cm. :
a) The pearl is released from rest at the angle 6y = 27.0°. How fast
does the pearl move horizontally at the bottom of the bowl?
b) How long does it take for the pearl to reach the bottom of the bowl.

274N
Problem 1.29: A board with unknown mass M is 4.0 m long; the board I m :
has uniform mass distribution. The board is supported by a cone placed ~~05m
0.5-m from the right end. The board is also supported by a vertical rope -
at the far-left side. A block with unknown mass m is placed at 1.0-m and 1m
1.5-m from the left-end. 157 N
a) Draw the free-body diagram for the problem! ’
b) Write down Newton’s second law for the board; I e 05m
choose an axis of rotation and write down the torque about that axis! h '
c) When the block is placed 1.0-m (1.5-m) from the left-end of the N A
board, the tension in the rope is 27.4 N (15.7 N). Find the mass of block! 15m
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Problem 1.30: A squid draws water through a slit in its belly and stores water inside its
mantle. The squid has a mass M = 0.4kg with its cavity empty, and can store a mass
m = 0.1kg of water in its mantle.

a) The speed of the expelled water is |vy| = 3.0m/s. Calculate the speed of the squid after
the squirt of water. Assume that the squid is initially at rest.

b) The squirt lasts for 0.5s. Calculate the magnitude of the average force that the water
exerts on the squid.

Problem 1.31: A m = 0.5kg block is pushed against a stationary spring on a horizontal
surface. The spring has a constant k& = 750N /m and is compressed 6cm relative to its
unstrained length.

a) The spring is released. Calculate the speed of the block when it flies off the spring.

b) The block glides along a rough surface and comes to rest after traveling a distance of
d = 0.7m. Calculate the coefficient of kinetic friction between the block and the surface.

Problem 1.32: Emmy [with unknown mass mpg]| stands at the center stern
of the boat [with unknown mass mpg|. Emmy has a dumbbell [with mass

bow

M = 10kg] in her hands. The boat has a length L = 3.2m. Assume that
the boat has uniform mass distribution. She throws the dumbbell to

the stern (rear) of the boat. As a result, the boat moves 5.0 cm towards

the right. Emmy then walks to the stern and the boat moves an
additional 21.0 cm to the right. L=3.2m
a) What is the combined mass of the boat and Emmy?

b) What are mass of Emmy mp and the boat mpg?

Problem 1.33: A block with mass M = 1.1kg sits on a frictionless, I——/\/\/\/\ﬁ M
horizontal surface and is attached to a spring with constant

k = 13.0N/m. The spring is unstrained. A piece of sticky clay is thrown
against the block. The mass m of the clay and its speed v are unknown.
The clay sticks to the block. The block then travels the distance

d = 6.7cm in the time ¢t = 0.52s until it comes to a momentary stop.

a) What is the mass of the clay? I—AM/LD

b) What is the speed of the clay before it sticks to the block?
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Problem 1.34: A metal ring of mass m = 0.12kg and radius » = 0.8 cm
rolls without slipping on a roller-coaster track as shown.

The radius of the loop is R = 42 c¢m. The moment of inertia

of the ring is I = mr2. H
a) The ring starts from rest at the height H = 1.54 m.

What is the speed of the ring when the ring is near the top of the loop?

b) Find the force exerted by the track on the ring when it is near

the top of the loop! Does the ring stay on the track?

Problem 1.35: A wheel with radius R = 0.23m and mass M = 1.2kg W\
is rolling down an incline plane. The moment of inertia of the wheel is
I = MR?, and the wheel rolls without slippage. The angle ¢ of the
incline is unknown. The wheel begins to roll down from rest.

a) After 6.3 seconds the wheel rotates at the rate of 394 rpm.

How many times does the wheel rotate during that time?

b) Find the distance traveled along the incline.

c) What is angle ¢ of the incline?

Problem 1.36: A mountain climber with mass m = 75kg is rappelling
down a vertical wall as shown. The 3.0-m long rope attches to a buckle
strapped to the climber’s waist 15 cm to the right of the center of ;
gravity, which is 90 cm away from the wall. - L=3.0m
a) Draw the free-body diagram for the climber. )
b) Write down Newton’s second law for the person.

c) Make your choice for the axis of rotation and calculate the torque L E
about that axis. @
d) Find the tension in the rope and the friction force between shoes
and the rock.

e) Rain reduces the friction between rock and the climber’s boots. If the coefficient of
static friction is us = 0.63, what is the shortest rope that the climber can use so that she
does not slip?

90 cm 15 cm

Problem 1.37: During a somersault, a woman “tucks” her legs and arms,

thereby decreasing her moment of inertia. The moment of inertia during the three phases
are: lift-off I, = 14.6 kgm?, highest point I, = 6.9 kgm?, and landing I3 = 12.5 kg m?.

a) The woman jumps off [phase 1] such that she rotates with the period 7" = 2.2s. Calculate
the magnitude of her angular momentum and her rotational kinetic energy.

b) Find the period of rotation when she at the highest point [phase 2]!

c) Calculate the work done by the muscles as she tucks her legs from phase 1 to phase 2.
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Problem 1.38: A projectile is launched straight up from top of a tower. The height of the
tower is unknown. The rocket hits the ground after 14.4s. We only consider the motion
along the vertical, and use a coordinate system with +y directed upwards. The average
velocity is vae = —6.8m/s, and the average speed is 31.2m/s.

a) Find the height of the tower.

b) Find the launch speed of the projectile.

Problem 1.39: Two blocks with masses m; = 0.7 kg and

my = 0.9 kg sit on frictionless inclined surfaces. The angles are

01 = 44° and 0 = 10°, respectively. The two blocks are connected
by a rope that is wrapped around a pulley with radius r» = 2.3 cm
and moment of inertia / = 3.2 x 10~*kgm?.

a) Draw the appropriate free-body diagram(s) for the problem.
b) Write down Newton’s second law for the two blocks and

the pulley.

c) Assume that the pulley rotates without slipping.

Find the acceleration of the two blocks

d) Find the tension(s) in the rope.

Problem 1.40: A wooden plank with mass m = 7.2kg and

length L = 5.2m is dragged with a rope on one end of the plank. (rope)
The plank moves with a constant speed vy = 0.6 m/s and the

angle # = 41° with the surface is kept constant. The coefficient of
kinetic friction between the plank and the surface is p = 0.63.

a) Draw the free body-diagram for the plank!

b) Write down Newton’s second law for the plank!

c) Choose an axis of rotation and write down the equation for

the torque about that axis.

d) Find the magnitude and the direction of the tension in the rope.

0

Problem 1.41: A block with mass m = 4.2kg sits at the center
of a 1.4-m long board that is supported by two springs on the left §T

and right side. We ignore the mass of the board; the constants of < g g
the two springs are not known.
a) The springs are compressed unequally: the spring DE—
on the left is compressed y; = 4.2 cm from the unstretched length, 14m
while the spring on the right is compressed only y, = 2.5 cm.

Find the constants of the two springs. (Ignore the slight tilt of the board.)

b) We now move the block along the board such that the two springs

are compressed equally. Find the new position of the 4.2-kg block.
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Problems for Algebra-Based College
Physics | & ll: including Hints and Solutions Mechanical Systems

Problem 1.42: In a diving event, the platform is 10 m above the water surface (i.e., pool).
The athlete (with mass m = 56 kg) runs on the platform with a speed of 4.5m/s.

Assume that the person can be considered a point mass.

a) Find the total mechanical energy of the athlete! Choose y = 0 at the water surface.

b) The athlete jumps off an elastic board and leaps in vertical direction. What is the
maximum height does she reach?

c) The diver turns around and falls towards the water. She then plunges into the water
and dives to a depth d = 1.75m below the water surface until she turns around. What is
the work done on the diver by the the water?

d) Find the magnitude and direction of the average force exerted by the water on the diver.

M=0.75 k
Problem 1.43: A block with mass m = 0.75 kg sits on a frictionless, k ’
horizontal table and is attached to a spring with unknown constant k. I:I
The coordinate of the block is recorded as a function of time, x = z(t). ]

a) Estimate the average velocity and average speed between
times t =0 and ¢t = 2.487

0.6

b) Estimate the maximum instantaneous velocity of the block E04 |

during the time interval 0 < t < 2.4s? Estimate the time when 502

the block travels at the maximum velocity? £ 0(2’

c) What is the spring constant k? 804 /

0.6 T T T T T
0 040812 16 2 24
Time t [s]
28
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Problem 1.44: A wooden board of length L = 1.20m and mass 1.20m
M = 3.4kg is supported by one leg at the distance d = 0.85 m from
the left end of the board and a cable anchored to the floor at 1.9 m
from the left end of the board. The length of the leg is 1.4 m. 1.40m
a) Draw the free-body diagram for the problem.

b) Write down Newton’s second law for the board.

c) Choose an axis of rotation and find the torque about it.
d) Find the tension in the cable. 1.90m
e) What is the magnitude of the force exerted by the leg on the board?

0.85m

Problem 1.45: Two masses with m = 0.45 kg are placed at the end
of a stick that is placed on a massless rotor. The length of the stick
is 2R = 0.6 m and the rotor has a radius r = 0.05m.

a) Calculate the moment of inertia of the system. T
b) You pull with an unknown constant force on the cord that is

wrapped around the rotor. The rotor is initially at rest. You pull

for the time ¢ = 0.64 s, and the cord is pulled the the distance

s = 8.6 cm. Find the angular acceleration of the rotor! m

c) How ‘hard’ do you pull on the cord? That is, find the tension in the cord!

Problem 1.46: Emmy starts at time ¢ = 0 and drives along

a straight path: she starts at a point A, drives straight to the
point B, turns around and drives to point C. She finishes in a
time ¢ = 14.7s. Her average speed is 17.0 m/s, and the ‘ P—
magnitude of the average velocity is 9.3 m/s. A C B
a) Find distances between points A and B and points B and C.

b) Emmy drives twice as fast from A to B than she drives from

B to C. Find her respective speeds.

f <

Problem 1.47: You observe the Fourth of July celebration from the 47th floor of a
skyscraper. Revellers shoot fireworks from a river. A projectile passes your window at time
t = 0s, reaches the peak at time t; = 2.1, and then falls back into the river at the time
to = 11.8s. Treat the flight of the projectile as free fall along the vertical.

a) What is the speed of the projectile as it passes by your window?

b) What is the height of your window above the river?
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Problem 1.48: A #2 pencil has mass M = 0.008 kg (assume
homogeneous mass distribution) and length L = 0.16 m. The \
moment of inertia about the tip is [ = ML?/3 = 6.8 x 107° kgm?.
a) The pencil is initially in upright position with zero speed.

What is the total mechanical energy of the pencil?

b) Assume that the tip does not slip on the table surface.

Find the angular speed of the pencil when it has rotated 30 degrees
away from the vertical.

30
|

Problem 1.49: Harry is a street artist who juggles balls. He has a different ball in his
hand every 0.35 seconds. Ignore the (short) time the balls are in his hands and and the
(small) up-and-down motion of the hands. Assume that the trajectory of each ball is along
the vertical only.

a) Harry juggles a red and green ball. At the instant when the red ball is in his hand, what
is the height of the green ball?

b) Find the speed of the balls when they leave Harry’s hand.

c) Harry now juggles a red, green, and a blue ball. What is the maximum height that the
balls reach?

d) Calculate the (vertical) positions of the green and blue ball at the instant when the red
ball is in Harry’s hands.

Problem 1.50: An unknown weight W is suspended from two ropes
at fixed angles 6; = 52° and 6y = 22°. The tension in one rope is
known 77 = 28 N, but the tension in the other rope T5 is not known.
The weight is always directed along the vertical (or plumb-line).

a) Find the vertical and horizontal components of the tension T,

b) Find the magnitude of the tension T3 and the weight .

c) The weight W is increased by 12.0 N. What are the tensions 77
and T3 in the two ropes? (The angles are kept fixed.)

vertical

Problem 1.51: A bob with mass m = 0.7 kg is attached to a string with
length [ = 0.91 m that is secured to the ceiling on the other end.

The bob is relased from rest at an unknown angle ¢, from the vertical.

a) When the bob passes through on the vertical, the tension in the rope is
T = 11.3N. Find the speed v of the bob at that instant.

b) Find the average net force acting the bob as it swing from the angle

¢ = ¢p to the vertical position ¢ = 0. —em
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Problem 1.52: You are helping your school-age cousin to win the annual egg drop
competition at her elementary school. The eggs are dropped from the height A = 4.7m.
The goal is to protect the egg with packaging such that it survives the impact with the
ground. The mass of a typical large chicken egg is m = 57g.

a) Find the momentum of the egg right before it hits the ground.

b) You estimate that it takes about At = 0.020s for the egg to come to a full stop. What
(average) force [magnitude and direction!] does the ground exerts on the egg while it comes
to a full stop?

c) How thick must the foam be for the egg to ‘survive’ the fall?

2.3kg

Problem 1.53: A block with mass 2.3 kg sits on a frictionless table

t = 0, the the bocks are released from rest.

a) What is the speed of the blocks when the 1.7-kg block has fallen
the distance d = 0.31 m along the vertical.

b) Identify the forces acting on the 2.3-kg block; determine the work
done on the 2.3-kg block by all forces.

c) Identify the forces acting on the 1.7-kg block; determine the work
done on the 1.7-kg block by all forces.

d) Find the tension in the string connecting the two blocks.

and is attached by a string to a block with mass 1.7kg. At time l £
™
o

1.7kg

(]
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Problem 1.54: A spool with mass m = 2.3kg and moment of inertia
I = 5.4 x 103 kgm? sits on a horizontal surface. The coefficient of
static friction between spool and the surface is pus = 0.13. The

radius of the spool is R = 0.06 m. —
a) A force F' acts on the axle (center). Draw the appropriate free-body
diagram(s) and write down the corresponding Newton’s second law(s).

b) What is the maximum force F' so that the spools rolls without slipping?
What is the corresponding linear acceleration of the spool along the surface?

c) We now use another spool with the same mass m, moment of inertia I,
and outer radius R but with an inner drum of radius » = 0.048 m.

We apply the external force F’ at the inner drum. Draw the appropriate
free-body diagram(s) and write down the corresponding Newton’s second law(s).
d) What is the maximum force F” so that the spools rolls without slipping?
What is the corresponding linear acceleration of the spool along the surface?

Problem 1.55: A block with mass m = 1.5kg sits on a smooth table

[i.e., there is no friction] and is attached to a spring with constant k. \

a) The block undergoes oscillatory motion with period 7' = 1.2s. I—_/\W "

If the oscillatory motion has amplitude A = 0.15m find the speed

of the block as it passes through the equilibrium position. ‘ @D
m

b) A piece of clay with unknown mass M falls on the block at the
instant when the block passes through the equilibrium point. I—/\/\/\//

Subsequently, the two blocks now undergo oscillatory motion with
period 7" = 1.4s. Find the mass M of the piece of clay!

c) What is the amplitude of the oscillation of the block with the piece
of clay move together?

Problem 1.56: A 14-kg box with height H = 12 cm and length
L = 26 cm sits on an incline plane § = 17°. The front leg is H=12‘7 —~
rough and the back leg is polished so that there is friction acting

on the front leg only. The coefficient of static friction is pus = 0.7.

a) Draw the free body-diagram!

b) Write down Newton'’s second law for the problem.

Choose an axis of rotation and write down the torque about that axis.
c) Find the forces acting on the box.

d) Find the angle 6,,,x when the box begins to slide. Use cos(a+/) = cos a cos f—sin asin f3.
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Problem 1.57: A Yo-Yo is a uniform disk with mass m = 0.24 kg, outer

radius R = 0.12m, and inner radius r = 0.08 m. A string hangs from the R
ceiling and is wrapped around the inner ring. Assume that the string is

along the vertical. The Yo-Yo starts from rest and the falls due to its

own weight. After the Yo-Yo falls through the height h = 0.20 m, it travels

with the speed v = 0.6 m/s.

a) Find the constant angular acceleration.

b) Find the moment of inertia of the Yo-Yo.

c) Find the tension in the string.

Problem 1.58: In Lewis Carroll’s novel Alice in Wonderland, the fictional case of free
fall inside a tunnel through the center of the Earth is described. An object is released
from rest at the surface of the Earth, and then undergoes simple harmonic motion
(SHM). The maximum acceleration of the object is “gravity” |amax| = ¢ = 9.8m/s”. Use
Ry = 6.38 x 10°m for the radius of the Earth, and ignore the rotation of the Earth.

a) At time t = 0 the object is released from the the surface of the Earth, where its
acceleration is g = 9.8 m/ s®. When does the ob ject reappear on the other side of the Earth?
b) What is the speed of the object when it passes through the center of the Earth?

c) A satellite is put on a near-Earth orbit so that » = Rg. How long does it take for the
satellite to travel to the other side of the Earth? Compare your result to answer in part a)!

Problem 1.59: A bullet of mass m = 0.023 kg and unknown

speed V' buries itself in a block with mass M = 0.8 kg that is M

initially at rest. The block sits at the bottom of a ramp with Q M y m
angle # = 28°. Ignore friction force between the block and 0 —°
the incline.

a) The block with the bullet buried inside travels up the incline during the time interval
At = 4.2s until it comes to a momentary stop. Find the impulse (vector!) of the net force
acting on the block!

b) Find the initial velocity of the block when it starts to move up the incline.

c) What is the speed of bullet?

d) What fraction of the initial total energy is dissipated when the bullet buries itself into
the block?
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Physics | & ll: including Hints and Solutions Mechanical Systems

Problem 1.60: A block of mass m; = 1.75kg is attached to a cord
of length L; = 1.6 m to the second block of mass ms = 0.6 kg.

The blocks move in horizontal circles on a frictionless table.

The second block is attached to a cord of length Ly, = 0.4m
attached to the center of rotation.

a) Draw the free-body diagrams for the two blocks, and write down
Newton’s scond law for the blocks.

b) The two blocks are spun faster and faster until the string connecting the two blocks
tears when it reaches the tension Tp,., = 74 N. Find the period of the spinning blocks at
the instant when the string connecting the two blocks breaks.

c) Find the tension in the cord connecting the mass m; to the center when the short cord
breaks.

W
-~

Problem 1.61: A uniform box with mass m = 15.3 kg has height

h =3.2m and width w = 0.73m. The box sits on the bed of a truck. h
a) What is the maximum acceleration of the truck so that the box

does not “topple?” . ‘
b) What is the minimum coefficient of static friction so that the box

also does not slide at the maximum acceleration?
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Problem 1.62: Satellite used for the transmission of telecommunications are stationary;
i.e., they keep the same location in the sky, relative to the Earth.

a) How high above the surface of the Earth surface is the satellite? Express the result in
relation to the Earth radius R = 6380 km.

b) How many times does the satellite passes over the same spot?

Problem 1.63: The Monster Water Cannon shoots water to a maximum height
Hyuax = 30.5m [100 feet] up in air. Harry [mass mpy = 45kg] mounts a 4-gal tank filled
with water [mass my = 15.05kg] on a cart [mass me,y = 8.4kg|, and shoots water with
the cannon. We ignore friction forces.

a) He squirts the water along the horizontal. Each time, he squirts 12-oz of water [with
mass 0.35 kg]. What is Harry’s speed after he squirts the gun once?

b) What is Harry’s speed after he squirts the gun twice?

c) Harry squirts at the rate of 12 times per minute. What is Harry’s speed after he
completely empties the 4-gal of water in the tank?

d) What is the (average) power generated by the “water-gun engine?”

Vo
@ =

Problem 1.64: Colby stands on top of a tower with height H = 7.3 m
and throws a ball horizontally with unknown speed vg. A vertical wall
with height A = 5.9m is at the distance d = 2.5m in front of the tower.
Ignore Colby’s height so that the ball leaves at an initial height 7.3 m.

H=7.3m

d=2.5m

a) What is the minimum launch speed so that the ball clears the wall?
b) What is the shortest distance behind the wall where the ball can hit
the ground?

M,

Problem 1.65: A wheel with mass M = 5.4 kg, moment of inertia

I =0.014kgm?, and radius R = 6.0 cm sits on a table. The axis of

the wheel is connected by a string to a hanging mass m = 4.3 kg. m
The wheel rolls without slipping. The block and the wheel are initially

at rest, with the block at the height h = 24 m above the ground. \h
a) Find the speed of the hanging block when it hits the ground.

b) Find the (constant) torque acting on the wheel.

Problem 1.66: Colby is a physics student who is terrible at collecting all data in her
physics lab. In the lab, she examine the collisions of gliders on an air track. The masses
of the gliders are m; = 0.434kg and my = 0.366 kg. Her data for the velocities of the two
gliders before and after the collision are incomplete:

vy [m/s]|vg; [m/s]||viy [m/s]|vay [m/s]

1.20 -0.40 1.26

a) Calculate the total kinetic energy and the total momentum after the collsision.

b) What is the impulse (vector) imparted on the glider with mass ms during the collision?
c) Find the velocity of the glider with mass ms before the collision.

d) Is the collision completely elastic?
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Problem 1.67: A m; = 2.1kg block sits on an incline plane with angle
0 = 35°. The coefficients of static and kinetic friction between the block
and the plane are not known. The block is attached to a rope, which is
hung over a pulley and attached to a hanging mass ms.

a) Draw the apprproriate free-body diagram(s) and write down Newton’s
second law(s).

b) The block my is on the verge of sliding, when the hanging mass is
increased to ms = 1.6 kg. Find the coefficient of static friction!

c) An identical block [with mass m4] is placed on top of the block on the
incline plane. The hanging mass my is left unchanged. The two blocks on
the incline plane are sliding down the incline. Draw the appropriate free-
body diagrams and write down Newton’s second law.

d) The blocks on the incline slide down with acceleration a = 0.31m/s”.
Find the coefficient of kinetic friction.

my

m; =2.1kg

2m;=4.2kg
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Problem 1.68: Two blocks with masses m, and ms are connected to identical
strings with length [ = 0.86 m. The mass of the lower block is my = 0.25kg.
The mass my of the upper block is unknown. We swing the blocks so that the
two blocks undergo uniform circular motion in horizontal planes.

a) Draw the appropriate free-body diagram(s) and write down

approriate Newton’s second law(s).

b) When the two blocks are swung such that two the strings are at angles

0, = 24° and 0y = 35°, respectively. Find the tension in the string connecting
the two blocks.

c) Find the period of the uniform circular motion.

d) Find the mass m; and the tension in the string connecting m; to the ceiling.

from the top

Problem 1.69: In Steve Haake’s book “The Physics of Golf” [Science Spectra, Number 13
(1997)], the force on a golf ball by the club is estimated at 2,000 1bs, or 9 kN. The mass of

the ball is 45.9 grams and the diameter is about 4.3 cm.

a) Make reasonable assumption(s) and discuss whether the force is reasonable.
b) Calculate how long the club is contact with the ball.

c) How much the ball is distorted?

Problem 1.70: A ball is launched off the ground at (x = 0,y = 0) at the time ¢ = 0. At

the time ¢t; = 0.34 s, the position is (r = 1.2m,y = 0.45m).

a) What is the launch speed and launch angle of the ball?

b) Find the location of the ball at ¢, = 0.53s.

c) Find the coordinates (z,,y,) at the “peak” of the trajectory.
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2: FLUIDS AND THERMAL SYSTEMS

Problem 2.1: Apples consist (mostly) of cellulose (“fiber”) and water. We cut 62-grams
of apple into small slices, wrap them into aluminum foil, and put them in an icebox at
temperature 0°C. We fill a calorimeter with 0.117 liter of water at 51°C. The specific heat
of the calorimeter can be ignored. The specific heat of cellulose ceepuose = 1400 J/(kgC).
Useful data: for water (H50)

’ Property H Value ‘
Latent heat: Vaporization|[22.6 x 10° J/kg
Latent heat: Fusion 33.5 x 10* J /kg
Specific heat: ice 900J/(kg -° C)
Specific heat: water 4186 J/(kg -° C)
Density: ice 917 kg/m”
Density: water 1000 kg /m”®

a) The chilled apple slices are put into the calorimeter. The temperature of the wa-
ter drops to 35°C. What is the average specific heat of apples?
b) What is the (mass) fraction of water in apples?

To,Po TP,
Problem 2.2: A cylinder with cross-section A = 0.01 m? and total height ‘EJ
14 c¢m is filled with diatomic gas at temperature Ty = 300 K. The cylinder is

. . .. . ToPo

thermally insulated from the outside. A frictionless piston separates the ‘%
cylinder into two equal parts as shown. The piston conducts heat so that -
the two compartments are always in thermal equilibrium. The initial pressure \
in each compartment is Py = 1.0 x 10° Pa. We ignore the mass of the hanger.
a) A block with mass 500kg is put on the hanger so that it moves 5.0-cm /\
downward until it comes to rest. and the temperature of the gas rises. |g -

What is the (common) temperature T of the gas inside the cylinder?
b) What are the pressures P, and P, in the upper and lower compartments of the cylinder?
c¢) Find the pressure difference between the upper and lower compartments of the cylinder.

Problem 2.3: A quarter (the 25-cent coin) has a diameter of 24.3 mm and a thickness of
1.75 mm and sinks inside a 1.5 m-high glass column filled with water. Ignore drag forces
that depend on the orientation of the quarter.

a) Find the buoyant force when the quarter is submerged in water.

b) The coin is dropped at zero initial speed. It reaches the bottom in a time ¢t = 0.60s.
Find the acceleration of the quarter.

c¢) Find the (average) density of the quarter.
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Problem 2.4: Your ingenious nephew figures that if he were able to float the top of a
flexible snorkel out of the water, he would be able to breathe through it while walking
under water. Use p = 1,000 kg/m3 for the density of water.

a) Outside the water, suppose your nephew can just breathe while lying on the floor with a
400-N weight [about 80 lbs| on his chest. His chest has a frontal area of A = 0.09m?. What
is the maximum pressure that his lungs can generate while they inflate?

b) How far below the surface of the water could his chest still be and he is still able to
breathe? What do you tell your nephew?

Problem 2.5: The pressure of water in a section of a horizontal pipe with diameter
of d = 2.0cm is 142 kPa. Assume that water is incompressible and has the density
p=1.0x10%kg/m3.

a) It takes 4.2 seconds to fill a 16-L [16 x 107> m®] bucket with water. Calculate the speed
of the water in the pipe.

b) A section of the pipe is constricted to d’ = 1.6 cm. How fast does the water flow in the
constricted section? Water is incompressible, i.e., the density is uniform in the entire pipe.
c) What is the water pressure in the constricted section of the pipe?

Problem 2.6: Water rises up to a height A = 3.7 cm inside a glass E Wind

pipette with diameter d = 4.0 mm. The air above the water surface

is not moving and the air pressure is Py = 1.01 x 10° Pa. ;d=4 mm

Use py = 1000kg/m® and pu; = 1.29kg/m® for the density of water
and air, respectively. The wind is the source of the pressure difference.

h=3.7cm

Po

Air

a) Find the difference AP = P — Py between the pressure inside the | ‘
pipette and above the water surface.

b) The pressure difference is produced by blowing air over the pipette.
Find the speed of the air.

Water

Problem 2.7: A wooden block with dimensions 52 cm X 63 cm t
X 17 cm floats on water such that 4.0-cm sticks out of the water.
Use py = 1000 kg/ m® for the density of water.

a) What is the density of the wood?

b) What force do you have the exert on the block so that only
3.0-cm sticks out of the water?

c) What (mechanical) work is necessary to completely “dunk”
the wooden block?

17cm
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Problems for Algebra-Based College
Physics | & ll: including Hints and Solutions Fluids and Thermal Systems

Problem 2.8: Steam (gaseous H,O) at the pressure P = 15.8atm = 15.8 x 10° Pa and
temperature 7' = 312°C is inside a thermally insulated 2-liter container.
Useful data: molar mass of water M = 18 g/mol and density of water p = 1,000 kg/ m®.

]Phase\Speciﬁc heat [J/(kg"C]]] | Transformation|Latent Heat [J/kg]]

ice  [2,000 Fusion 33.5 x 107
water [4,186 Vaporization [22.6 x 10°
steam 1,800 e '

a) Find the mass of the steam inside the container.

b) A cup with 150 ml water at temperature 7' = 8°C is placed inside the container. Assume
that no steam escapes from the container and that all steam condenses, i.e., turns to water.
Find the final temperature of the water inside the cup!

Problem 2.9: A balloon with volume V = 6.7L is filled with oxygen O,. Assume room
temperature 7" = 25°C. The molar mass of oxygen (O) is M = 16.0 g/mol.

a) What is the mass of oxygen necessary to inflate the balloon at atmospheric pressure?
b) The balloon is submerged in a waterpool at a depth A = 5.8 m below the water surface.
What is the mass of the oxygen that you have to add to or remove from the balloon to
maintain a constant volume? Assume that the water is at room temperature.
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Problem 2.10: 1 British thermal unit, or “1 Btu,” is commonly used in specifications of
major household appliances. It is defined as the energy needed to raise the temperature of
one pound of water by 1°F [2°C]. Useful values: specific heat of water ¢ = 4186 J/(kg °C),
specific heat of air ¢ = 780 J/(kg °C), and molar mass of air M = 29.0 g/mol.

a) How many Joules is equal to 1 Btu? Use 11b = 4.44N

b) Calculate the mass of air in your living room 10.0m x 6.0m x 2.5m. The pressure is 1
atm [1.01 x 10° Pa], and the temperature is 7' = 55°F [or 285 K].

c) Calculate the heat in Btu’s to raise the temperature in the living room from 55°F [285 K]
to a more comfortable 65°F [292 K].

Problem 2.11: You use a “space heater” to heat your living room on a cold winter
day. The total mass of air in the living room is M = 400kg. The outside temperature is
Tows = 0°C [about 30 F] and the inside is kept at a comfortable 7}, = 25° [about 65 F|.
Warm air escapes from the living room through “leaky” windows and is replaced by cold
air from the outside. The specific heat of air is ¢ = 780J/(kg °C). Treat the inside and
outside temperatures as the reservoir temperatures for the heat pump.

a) The electric power of the space heater is 1500 W. What is the fraction of warm air that
is replaced by cold air every minute?

b) What electric power is required to heat your living room, if you install a heat pump?

Problem 2.12: A plastic buoy has mass m = 1.75 kg and has a volume V = 5.4 liters. The
buoy is tied to a string and held completely under water. Use p = 1.0 x 103 kg/ m® for the
density of water.

a) Write down Newton’s second law for the buoy.

b) Find the tension in the string.

c) The string rips during a storm. What is the volume fraction of the buoy submerged
under water when it floats on the surface.

air

Balloon

Problem 2.13: A hot air balloon has the constant volume V = 623 m3.

The balloon is open at the bottom so that air can enter/leave from <
the ambient air. The pressure is Py = 1.01 x 10° Pa everywhere. The Insulating
temperature of the ambient air is Ty, = 20°C. The insulating layer e
allows that the temperature inside the balloon is different from that of air

the ambient air. Use M = 28.9 g/mol for the molar mass of (dry) air.
a) How many moles of air molecules are inside the balloon when the
temperature is Ty = 20°7 The temperature is increased to 77 = 62°C.
How many moles of air molecules are expelled in the process?

b) A load of mass m = 74 kg is now attached to the hot air balloon.

The hot air balloon is released from ground at time ¢ = 0. e
At what time does the balloon reach the top of a 216-m tall tower?

Ignore the mass of the insulating layer.

Balloon
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Problem 2.14: The compartments on the left and right side contain

air and are separated by a wall covered with an insulating layer. The \T/: :2@%’ \le :2'275‘
two pistons maintain constant pressures on the left and right sides l |

P, = P, = 1latm = 1.01 x 10° Pa. The volume and temperatures on ' '

the left side are V; = 4.3 liter and T = 40°C, and those on the right

side are V5 = 5.7 liter and 75 = 92°C. The cross-sectional area of the

piston is A = 1.2 x 1072 m?. |

a) The insulating layer of the wall is removed and thermal equilibrium Insulating foam
is established. What is the common temperature of the two compartments?
b) The wall is now free to move. How much does the wall move?

Problem 2.15: A rectangular block of ice with cross-section A = 0.03 m?
and unknown height h sits on a horizontal surface. We examine the

melting of this ice cube. h
Useful data: specific heat of ice ¢ice = 2150 J/(kg °C), specific heat of water
Coater = 4186 J/ (kg °C), latent heat of fusion Liysion = 33.5 x 10* J /kg,

latent heat of vaporization Lyaper = 22.6 x 10° J/kg, density of ice

Pice = 917 kg/mg, density of water pyater = 1000 kg/ ms, and density

of vapor pyapor = 1.29kg/ m®

a) Calculate the heat necessary to melt a small layer of thickness Az = 1.0cm at the
bottom of the ice block.

b) The block of ice melts “under its own weight.” Find the maximum height so that the
block does not melt.

Problem 2.16: In industrial production forced circulation of ambient air is used to
cool down liquids during manufacturing processes. Useful data: specific heat of water
cw = 4186J/(kg °C), specific heat of air c,; = 1000J/(kg °C); molar mass of air
M, =29.0¢.

a) What mass of air at ambient temperature T,;,| = 20°C must be used to cool 1.7-kg of
water at 80° C to 35°C.

b) Assume that ambient air is at the pressure P = 3.8atm. Find the volume of air that
has to be used.

Problem 2.17: A rectangular block with cross-sectional area A = 0.32m and A = 1.22m
floats on a lake. The (average) density of the block is not known. When the block floats
on water, it is submerged You push the boat down such that the boat is submerged an
additional 1.3 cm. You let the boat go and the boat moves up-and-down with a period
T =5.8s.

a) Explain why the boat undergoes simple harmonic motion.

b) Find the approximate value of (average) density of the block.

c) Find the fastest speed of block in vertical direction.
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Problems for Algebra-Based College
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Problem 2.18: A model airplane has mass m = 1.5kg and wing area A = 0.2m?. The
plane is kept afloat by air streaming passed its wings. Ignore buoyancy due to the air. Use
p = 1.29kg/m? for the density of air.

a) Calculate the pressure difference between upper and lower surface.

b) The wings are designed such that air rushes across the upper surface at twice the speed
than it rushes across the lower surface. Find the speed of air flow over the upper surface so
that the airplane does not fall to the ground.

Problem 2.19: The tires of a car (weight 2000 lbs, or 8389 N) are inflated to a gauge

pressure of 32 psi, or 2.21 x 10° Pa. The tires have an outer radius of 34 cm and are 12 cm
wide. What fraction of the tire tread is in contact with the surface?
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Problem 2.20: In a lab notebook you find the tabulated recording of the speed of Ne-atoms:

v [m/s]]|0 - 50|50 - 100{100 - 150|150 - 200{200 - 250|250 - 300
N 4 8 18 32 28 13

a) Find the average speed (v) and the root mean square speed vy,s = 1/ (v?) for this gas.
b) The molar mass of neon is My, = 20.2 g/mol. Find the temperature of the Ne-gas.

Problem 2.21: The density of air at room temperature is peoq = 1.29 kg/m3 and at a
higher temperature it is ppor = 1.12 kg/mg. A hot air balloon has a radius of R = 7.5m.
The combined mass of the cabin and passenger is my,q = 212.1kg.

a) Find the net force on the balloon!

b) A tower has height of 216 m. If the balloon starts near the ground, how long does it
take to reach the top?

Problem 2.22: A student investigates a leaking bucket. The bucket has
cross-sectional area A = 0.03m? and height hy = 0.26 m. The student
inserts a small pipe at the bottom. She fills the bucket to the rim and

measures the height h of the water every half minute for 3 minutes: h
Time [s] 0 | 30 | 60 [90{120{150|180 —_—
Height [cm]|[26.0/18.6]13.219.5/6.8 |4.8|3.4 ~—
a) Calculate the fractional change Ah/h for each time interval!
Is your result consistent with exponential time-dependence of
the height of the water column? Find the time constant!
b) How long does Colby have wait until the bucket is nearly AV/At AV/At
empty and the height of the water column is 5 mm? _.B—»
c¢) The flow of water through a pipe is analogous to Ohm’s law.

Po +AP Po

The pressure AP across the pipe corresponds to the voltage drop
and the volume flow AV/At corresponds to the current:

AV
AP = R——.
R At

Find the resistance R of the pipel!

Problem 2.23: A ball with radius a = 1.1 cm and density ppan = 2560 kg/ m® is immersed
in glycerol with density pgiycero = 1412kg/ m®. The friction force (“drag”) that a fluid exerts
on a spherical object moving at moderate speeds v is given by Stokes’ law: Fiyae = 6manv,
where 7 is the (dynamic) viscosity. The viscosity of glycerol is n = 1.412Pas. The ball is
dropped in glycerol; after some time, the ball drops at a fixed speed (“terminal” speed) vo..
a) Find the terminal speed of the ball

b) Show that the velocity exhibits exponential behavior v(t) = v[1 — exp(—t/T)].

c) Find the time constant 7 characterizing exponential behavior.
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Problem 2.24: Air is 20% oxygen O and 80% nitrogen Ny. How much oxygen is
inhaled into the lungs from air at a temperature of 20°C within 1 min in a relaxed state
of respiration? The volume and frequency of inspiration are 0.5 L and 15 min~!, respectively.

Problem 2.25: The interior of a home is at 20°C, and the roof cavity is at 10°C.
Assuming a ceiling insulated to R2 (R = 2.0m?K/W), energy will be lost at a rate of
10K/(2m?*K/W) = 5.0W for every square meter of ceiling. Find the power needed to
heat the room with a space heater and a heat pump! Assume that the inside and outside
temperatures are the temperatures of the heat reservoirs for the heat pump.

Problem 2.26: Assume that the working substance is four moles P [atm]
of an ideal, diatomic gas. We consider the process 1 -2 — 3 — 1 3
in the PV-diagram, as shown. The process 2 — 3 is adiabatic.
a) Calculate P, V, and T for all three points.

b) Sketch the process in the PT- and VT-diagrams. adiabatic
c) Calculate the work done on the gas for all three processes.

What is the net work done on the gas?

d) Calculate the heat added or removed for all three processes.

e) What “type” of machine could the process 1 — 2 — 3 — 1 represent?

2.0+ 1 2

50 150 VI

Problem 2.27: An ice cube from a typical freezer has a volume of approximately 18 cm?.
Suppose we slowly melt an ice cube at 0°C.

a) What is the change in the entropy?

b) What is the subsequent change in entropy when the water temperature is raised from
0°C is to 1°C.

c) Which entropy change is larger, the change associated with melting or the change
associated with a temperature increase of one degree Celsius? Ezplain!

Problem 2.28: The cycle A - B — C — D — A in the PT-diagram
operates between the temperatures 7y = 300K and T = Tp = 650 K. D
The pressure at A is P4 = 1.4atm and the temperature at B is

Tp = 400 K. The process A — B is isobaric. Assume that the gas is
one mole of air.

a) Find the temperature, volume and pressure at the points A, B, C, PAl A c
and D. - |
b) Draw the cycle in the PV-diagram. What type of “machinery” TATB Tc T

does the cycle represent?

c) Calculate the heat added/removed and the work done on the gas
for each ‘leg’ of the cycle.

d) Calculate the efficiency/COP of the cycle.
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Problems for Algebra-Based College
Physics | & II: including Hints and Solutions Fluids and Thermal Systems

Problem 2.29: Two heat reservoirs are kept at temperatures a) Parallel
T, = 28°C and Tj, = 72°C. Two heat conductors have the same
cross-section A = 5.4 x 10~*m? and length L = 0.56 m, but
different termal conductivities k; = 250 J/(s m°C) and

ko =380J/(sm °C).

a) The heat reservoirs are connected by two conductors in
parallel. Calculate the heat flow from the hot to the cold
reservoir. |
b) The heat reservoirs are connected by two conductors in Te Th
series. Calculate the heat flow from the hot to the cold

reservoir.

Te Th

b) Series

Problem 2.30: You use a hose with %—in diameter (1.27 cm) in your garden. It takes 25
seconds to fill a 4-gallon bucket (15.14 liter). Use p = 1,000 kg/m® for the density of water.
a) What is the maximum range of the water stream (neglect the spread of the stream).

b) You want to water the flower bed at the distance 8.0 m from the end of the hose.
Calculate the part of the cross section of the hose that you need to leave uncovered by your
thumb to water these flowers.

c) Calculate the change in water pressure by partially covering the hose with your thumb.
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3: ELECTRICITY AND MAGNETISM

Problem 3.1: In a sodium molecule, the Nat and Cl~ ions are
separated by b = 0.23nm (assume that the ion charges are +e).

We choose a coordinate system such that the ions are at © = +b/2.
An electron is placed at the distance r = 0.31 nm and angle 6 = 63°
from the center.

a) Find the magnitude and direction of the force on the electron

due to the Na™ and CI™ ions.

b) Find the magnitude and direction of the net force on the electron.

Problem 3.2: At time t = 0, the He?"-ion is at the origin

x =0 and is at rest vy = 0; the H"-ion is at x = —5.1nm H+ Vo He2+
and has the velocity vy = 20,500m/s. Use my, = 4u and . . * X
my = 1u for the masses of the ions. We treat the interaction X=-5.1nm x=0

between the He?*- and H'-ions as a one-dimensional collision

along the z-axis.

a) Find the total energy of the system.

b) Find the velocity of the center-of-mass of the system.

c) Find the closest distance between the He®'- and H' ions during the collision.

Problem 3.3: A water molecule is shown. The angle between the

OH-bonds is # = 106° and the OH-distance is d = 9.42 x 10! m. y

The charges on the oxygen and hydrogen are “partial charges” Ol g0 =-0.67¢

go = —0.67e and gy = 0.335 ¢, respectively. An electron is placed ' H

at the point P = (z =0,y = —1.1 x 1071%m). _H‘O\L@ O X
a) Find the force on the electron due to the oxygen atom. qn =0.335e gn =0.335e
b) Find the force on the electron due to the two hydrogen atoms.

c) Find the net force on the electron due to the water molecule. TP

Is the electron attracted or repelled by the water molecule?
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Problem 3.4: HCl is a polar covalent molecule with fixed partial

charges £ (with fixed value 6 = 0.18 ¢). When the atoms are in o—o
mechanical equilibrium, the atoms are separated by the distance |
lo=0.127nm = 1.27 x 107" m. 0

a) What bond force F) , (vector!) keeps the HCI molecule

at its equilibrium distance?

b) A HCI molecule is placed in a region with a strong, uniform
electric field F = 65 x 10° V/m, as shown. The bond between - @@ E
the ions is stretched [ = 0.134 nm as a result. The bond force is
modified by an elastic contribution Fyond — Filng = Frpring = T
— K(I —l). Find the spring constant K!

Problem 3.5: A dust particle with mass m = 7.3 x 10~ kg and charge
@ = +16e is released from rest at the top of a vertically placed parallel-

plate capacitor. The capacitor plates have dimensions 13 cm x 13 ¢m and
the plate distance between is d = 5.6 cm. Ignore effects due to air .
resistance and edge effects of the electric field.
a) The dust particle is deflected horizontally A = 7.0 mm as it leaves the
capacitor. Find the electric field [vector!] between the capacitor plates! [
b) What is the charge on the capacitor plates? 7 mm

13.0cm

Problem 3.6: The charge ); = —3.8nC is placed at V=0
(x =5.3cm,y = 0) and a unknown charge @), is placed at the
point P with coordinates (x = —6.8 cm, y = 0) such that the
potential is zero V' = 0 at the point (z = 0,y = 5.1 cm)

along the +y-axis.

a) Find the charge Q5.

b) Find the magnitude of the electric fields produced by the
charges (91 and )2 at the point (z =0,y = 5.1cm).

c) Find the magmtude and the direction of the total electric field
E = Ej + E, at the point (z = 0,y = 5.1 cm).

OTU

2 Q:=-3.8nC

Problem 3.7: A capacitor C' = 8.0 uF is connected to a 6.0-V battery.

a ) Calculate the charge on the capacitor and the energy stored in the capacitor.

b) At time ¢ = 0, the capacitor is disconnected from the battery and is connected to a
inductor with inductance L = 2.3mH. At a later time ?,/9, the electric energy stored in the
capacitor and the magnetic energy stored in the inductor are equal to each other. Find the
charge on the capacitor and the current through the inductor at the time ¢, /.

c) Find the time ¢, .
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Problem 3.8: A long-thin wire with current I; = 3.1 A is placed at
(x1 = —4.0cm, y; = —4.0cm); the current [; is directed out-of-the-page. T
a) Find the magnetic field B; at the point P: (z, = 0,y, = —4.0cm). T
b) Another long-thin wire with unknown current Iy perpendicular-

g

to-the-page is placed at an unknown location on the z-axis (2,2 = 0) .
such that the total magnetic field B= 31 + B2 at the point P is ;

L T T

O] P
B=182uTi+5.1uT4, l
where Z and gy are the unit vectors along = and y-axes. Find the magnitude
and direction of the magnetic field By at the point P produced by Is.
c) Find the location x5 on the x—axis of the current /5 and its magnitude
and direction [i.e., into-the-page or out-of-the-page].
Problem 3.9: Three resistors [42, 3Q, and 1] are connected to 8V
two batteries [8V and 5V], as shown. '\NVL_||_
a) Label the circuit and write down the appropriate Kirchhoff’s rules.
b) Find the currents through all three resistors. o 5Iv
c) Find the power delivered by the batteries and the power dissipated
in all resistors. 30
W
R R K &K L
Problem 3.10: A beam of protons with various speeds is directed o ® @ 8 ;
in the positive x direction. The beam enters a region with a uniform T @ @ @8 |3
magnetic field B = 0.52T directed into-the-page. We use a uniform TR RS
electric field [in addition to the magnetic field] to select protons S0

with speed v, = 1.42 x 10° m/s from this beam - that is, only those
protons that pass undeflected by the electric and magnetic fields.
a) Determine the magnitude and direction of the electric field that
yields the desired result.

b) The electric field is produced by a parallel-plate capacitor: the plates are square with
area 9.2 cm x 9.2 cm separated by the distance 2.5 cm. What is the charge on the capacitor;
which plate is positively charged?

c) What are the electric and magnetic energy densities up and up in the region between
the capacitor plates?

d) Find the ratio of the electric and magnetic energy densities ug/up; discuss your result
(open-ended question).
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Problems for Algebra-Based College
Physics | & ll: including Hints and Solutions Electricity and Magnetism

& & & &
Problem 3.11: The track in the figure is a reproduction of the path

of a charged particle (mass m = 8.3107 ' kg) in a cloud chamber. The

® & ® B
magnetic field is directed into-the-page and has magnitude B = 0.342T.

The particle moves in clockwise direction. The lead piece decreases the ® ® ©®
speed of the particle by 20% each time the particle crosses the slab. P.f Nz \p,
Ignore the time the particle spends crossing through the lead. ® Q
a) The particle travels from Fy to P; in a (semi-) circular path with P1wpo
radius r = 4.2cm in a time of ¢t = 32 us. Find the charge of the particle. ® ® ®

b) What is the radius ro above the lead slab. Find the time for the
charged particle to travel from P, to P37

c) How many times does the charged particle have to cross until its trajectory follows a
(semi-) circular with radius less than 2.0 mm. How long do we have to observe such a small
radius of the orbiting charged particle (assume that the particle is at Py at the time ¢ = 0).

® & ® &
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Problem 3.12: The electric field E at a point P with coordinates (x
y = —0.40mm) has components

N N

E,=231—-, E,=-137—.
C Y C

The electric field is produced by a charge on the z-axis.

a) Find the location of the charge.

b) Find the charge ¢ that produces the electric field E.

Problem 3.13: Five resistors are connected as shown.
a) Calculate the equivalent resistance!

b) A 12-V battery is connected between points A and B.
Find the power delivered by the battery.

c) What is the power dissipated in the 5 () resistor?

Problem 3.14: Two long parallel wires carry the same current I;

the wires carry current out-of-the-page and are placed at x = +3.4cm.

a) The attractive force per unit length between the two wires is

F/l =12 x 107*N/m. Find the current I in the wires.

b) A proton is placed on the y-axis at y = 2.0 cm. The proton travels
with speed v = 341 m/s along the +y-axis. What is the force (vector)
acting on the proton?

Problem 3.15: A capacitor with capacitance C' = 3.2nF connected
to an inductor with inductance L = 1.3 mH.

a) The capacitor is charged by a 24-V battery. Find the total charge
on the capacitor.

b) The battery is disconnected at the time ¢t = 0. At what time

is the capacitor fully discharged?

c) At what time has the charge on the capacitor dropped to 1/3

of its original value?
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Problem 3.16: Magnetic fields produced by two long thin wires: y [em]
a current [; = 4.4 A out-of-the page at the origin (z = 0,y = 0) +pP
and a current Iy = 3.3 A into-the-page at x = 2.5cm,y = 0).
a) Find the magnitudes of the magentic fields él and gg at 27
the point P with coordinates (zp = 2.5 cm, yp = 3.5cm) 1
produced by the currents I; and I, respectively. |
b) Find the magnitude and direction of the total magnetic field 1 2
B = él + ég at the point P.

Problem 3.17: A parallel plate capacitor with thickness d = 4.0mm and surface area
A = 8.0cm? is filled with Pyrez glass with dielectric constant x = 5.1.

a) Calculate the capacitance of the filled capacitor.

b) The electric field inside the filled capacitor is £ = 4.5kV/m. Calculate the charge ) on
the capacitor.

c¢) Find the electrostatic energy stored in the capacitor.

Problem 3.18: An infinitely long thin wire carries the current I=1.4 A
I = 1.4 A and lies in the xy-plane. The current wire makes the

angle 6 = 61° with the negative x-axis. /9 T
a) Find the magnetic field (vector!) at the point P with coordinates : I
(xp =2.0cm,yp = 0). 1
b) A particle with mass m = 3.8 mg and charge ¢ = 8.3nC is at the
point P and travels along the +y-axis with magnitude |¢] = 352m/s.
Find the acceleration (vector!) of the particle.

V=352 m/s

Problem 3.19: A He*"-ion is placed at the origin (z = 0,y = 0)
and a Cl™ ion is at the coordinates (z = 5.0cm,y = 0.0 cm). He
a) An electron is placed between the two ions where its electrostatic
potential energy is zero. What is the force (vector!) on the electron?
b) The electron is released from rest. What is the speed of the
electron after it moves the distance d = 0.5 cm?

Cl x[cm]
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Problems for Algebra-Based College

Physics | & ll: including Hints and Solutions Electricity and Magnetism
Problem 3.20: A particle with mass m = 4.8 g and charge ¢ = 1.2uC e s
hangs on a spring with constant £ = 4.2 N/m that is suspended from the o
ceiling. The particle is at the height H = 7.3 cm below the ceiling.
a) How much is the spring stretched from its equilibrium length?
b) The particle is moved sideways d = 4.1 cm by an (unknown) point H=12.5 om
charge sitting on the floor at the height H = 12.5 cm below the ceiling.
Draw the appropriate free-body diagram for the problem, and find the
magnitude and direction of the Coulomb force on the particle.
c¢) Find the location of the charge on the floor. h=7.3 om
d) Find the charge @ on the floor. °

d=4.1 cm

H=12.5 cm
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Problem 3.21: Four resistors [2€2, 32 40, and 6 2] are connected
to a 8-V and a 2-V battery as shown.

a) Label the circuit and write down Kirchhoff’s laws.

b) Find the currents in the circuits.

40
c) Find the power delivered by the batteries.
switch

Problem 3.22: The rails of of horizontal track are separated %@ ®\ 21 2
by | = 13 cm. The track is connected to a capacitor with V=12V O BE 5
capacitance C' = 25.5 x 1073 F that is charged by a % ®__® 2 i
battery with EMF Vj = 12V. The system is placed in a
homogenoeus magnetic field B = 3.4T — into the page].

g g page] Do ®1

A conductring rod [with mass m = 2.6 g and resistance
R = 63 Q)] glides frictionless on the track.

a) What is the acceleration (vector) of the rod at the initial time ¢ = 0 when the capacitor

is connected to the rail.

b) The maximum speed of the rod is vy = 17.8m/s. What charge remains on the

capacitor?

c) What fraction of the electrostatic energy lost in the capacitor and is converted into

kinetic energy of the rod as the rod is accelerated?

Problem 3.23: A dust particle with mass m = 0.2 g carries an
unknown charge (). It is attached to an insulating silk thread

with length [ = 22 cm. The dust particle is swung around a vertical
axis, as shown. A homogeneous magnetic field with strength

B = 25T points downwards.

a) Draw the free-body diagram for the dust particle and write down
Newton’s second law.

b) The silk thread makes the angle § = 27° with the vertical when the
dust particle completes on revolution in the time 7 = 1.86s. Find the
the tension in the string.

c) Find the charge @ of the dust particle.
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Problem 3.24: A parallel-plate capacitor (with capacitance C' = 12.3pF

and distance d = 3.7 mm between plates) has an opening in the middle

used to shoot ions through the capacitor. A singly-ionized phosphorus ion
P* (mass mp = 31u) enters the capacitor with velocity vy = 1.82 x 10*m/s.
The ion leaves the capacitor after the time At = 0.31 us = 3.1 x 1077

a) What is the velocity of the phosphorus ion as it leaves the capacitor?

b) What is the force (vector) on the phosphorus ion?

c) What is the charge on the capacitor? Which plate is positively charged?

Problem 3.25: The charge Q; = 4nC is placed at (z =0,y = 5.0cm)

and the charge @2 = 6nC is placed at (x = 6.0 cm, y = 4.0 cm).

a) Sketch the electric field vectors E; and E, produced by 1 and Q»,

respectively, and the total electrlc ﬁeld Etotal = E1 + Eg
b) Find the electric field Etotal = E1 + E2 (both magnitude
and direction) at the origin.

c) We place a charge Qo = —2.1nC such that the new total electric field

at the origin is zero Eéotal — Ey+ E; 4+ E; = 0. Find the coordinates
(20, yo) of the location of the charge Q.

Problem 3.26: A small ball with mass m = 5.5¢g and charge

@ = 85nC is suspended by an string of negligible mass of length
L = 13 cm. Another small ball with unknown charge ¢ is moved
very slowly from far away until it is in the original position of the
first ball. The first ball is deflected away from the vertical until
it reaches the height h = 3.0 cm.

a) Draw the free-body diagram for the first ball and write down
Newton’s second law for the first ball.

b) Find the tension in the string and the charge g of the second ball.

c) How much work has been done (by us!) as the second ball ¢ is
moved from far away to the original position of the first ball Q)7
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Problems for Algebra-Based College

Physics | & II: including Hints and Solutions Electricity and Magnetism
Problem 3.27: An infinitely long wire with current I = 2.3 A along +
the —z-axis [into-the-page] is placed on the x-axis at (x = 2.0 cm, 0). 1 o
a) Find the magnetic field B at P with coordinates (z = 1.0 cm, 2.0 cm). o '
b) A dust particle with mass m = 4.7 x 1078kg and charge ¢ = —3.7nC ,
= —3.7 x 1072 C is at the point P and travels with speed v = 1291 m/s l
along the +y-axis. Find the acceleration (vector) of the dust particle! ] O

1cm I x

Problem 3.28: Two unknown charges ¢; and ¢, are placed at the
origin (z; = 0,y; = 0) and along the z-axis at (z3 = 3cm, yo = 0), y
respectively. You move a potassium ion K [mass m = 39u] (infinitely) c
slowly from the point A (x4 = 6cm,y4 = 0) to the point B (zp =4 cm,
yp = 0) along the z-axis. Then you move it along a circular path to the
point C (¢ = 0,yc = 4cm).
a) You do the work Wpe = 367eV to move K from B to C.
4 qi %
Find the charge ¢5.
b) You do the work Wy4p = 343 eV to move K™ from A to B.
Find the charge q;.
c) The potassium ion is released from rest at the point C. What is the
speed of the potassium ion when it is far away from two charges ¢; and ¢o?
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Problem 3.29: A capacitor has plates with cross-sectional area A = 1.8cm x 1.8cm
separated by the distance d = 2.7mm. The capacitor is filled with material with dielectric
constant k = 7.3.

a) The capacitor is connected to a 12-V battery. Find the charge on the capacitor!

b) The battery is disconnected and the dielectric material is removed. What is the potential
difference across the capacitor plates?

c) What work have you done while removing the dielectric material?

d) What is the magnitude and direction of the (average) electric force acting on the
dielectric slab?

Problem 3.30: In the Bohr model of the hydrogen atom, the electron
moves around the proton. We view the motion from the electron’s point
of view: the electron “sees” a proton orbiting in clockwise direction.

a) The proton circles on a circular orbit with radius r = 5.3 x 107 m
at the speed v = 2.2 x 105m/s. What is the period T?

b) The orbiting proton can be considered as a wire loop with current
I = ¢/T. What is the magnetic field produced by the orbiting proton
at the location of the electron.

c) Find the ratio of the magnetic field at the position of the electron
and the angular momentum of the proton: x = B/L.

Problem 3.31: A water molecule is shown. The angle between the
OH-bonds is # = 106° and the OH-distance is d = 9.42 x 107! m.
The charges on the oxygen and hydrogen are fractions of the
elementary charge (“partial charge”) qo = —0.67 e and Ol 4, =-0.67¢

qu = 0.335 e, respectively. An electron is placed at the point ‘
P:(z=0,y=-11x10""m). HO@/OH X
a) What is the potential energy of the electron at the origin
(x =0,y = 0) and at the point P?

b) What is the force on the electron placed at the origin? -4
Sketch the electrostatic potential energy as a function of the
y-coordinate of the electron; discuss the graph.

c) What is the minimum speed of the electron at the point P so
that it reaches the origin?

qu =0.335e qu =0.335¢
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Problem 3.32: A potassium ion K™ (mass m = 39u) travels
in the (x,y)-plane. At time ¢ = 0, the ion enters a region with W
uniform electric or magnetic field with velocity v, o = 5,413 m/s
and v, 9 = 0. The electric field points along the 4y-axis. At time t*,
the ion is at the point P with (x, = 1.5, cm, y,); the coordinate y,
is not known. The velocity ' makes the angle § = 22° with respect % /// X
to the +z-axis.

a) The potassium ion is deflected due to a uniform electric field in region with uniform

the +y direction. Find the magnitude of the electric field. electric or magnetic field
b) The potassium ion is deflected due to a uniform magnetic field

directed into-the-page. Find the magnitude of the magnetic field.

c) Find the vertical deflection y, of the potassium ion in both cases.

Problem 3.33: An atomizer [spray]| is used to generate oil droplets womzer © 0o o
that are charged via the exposure to X-rays. above a parallel-plate E R o° Do
capacitor. Assume that the electric field inside the capacitor is + —T
uniform The oil droplets fall through a small hole in the upper plate. ‘ ) .

The voltage on the capacitor is adjusted such that the oil droplets are

suspended in air, i.e., they do not move. The plates of the capacitor

have an area A = 5.5cm? and are separated by the distance d = 2.5 cm.
Assume that the mass of the oil drop is m = 1.2 x 10~ kg, and the
charge is ¢ = —1le. Neglect edge effects of the electric field.

a) Draw the free-body diagram for the oil drop! Find the electric field (vector!) necessary
to keep the oil drop suspended.

b) Find the potential difference between the upper and lower plate. Which plate is at the
higher potential?

c¢) Find the charge on the parallel-plate capacitor.

Problem 3.34: A 8uF capacitor is connected to a Vi = 12V battery. S~
a) Find the charge on the capacitor and the stored energy. :

b) At time ¢ = 0, the battery is disconnected and a R = 6.0 M{2 resistor VJ_ Cl 4
is attached. Find the charge on the capacitor and the voltage across the T T E
capacitor at time ¢t = 2.0s and what is the (average) current through '
the resistor from t =0 to t = 2.0s.

c) What is the energy dissipated in the 6.0 M resistor from ¢ = 0
tot=205s7
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Problems for Algebra-Based College

Physics | & ll: including Hints and Solutions Electricity and Magnetism
Problem 3.35: A Na' ion is placed at z = 10nm and a K~ is y [nm]

placed at x = —25nm, as shown. K- v e Nat

a) Find the electrostatic potential at the origin z = 0. —fFot—<—¢ 0+
b) An electron with velocity 7 = —2.1 x 10° m/s7'is placed at the 90 20 10 | 10 20 X[
origin. What is the electrostatic potential energy, the kinetic energy, y [nm]

and the total energy of the electron? K- v o Nat

c) The electron travels towards the K™ ion. What is the speed of —ro——2

the electron when the electron is at z = —2.5nm. 30 20 10 | 10 20 XM

Problem 3.36: Gel electrophoresis is used to separate proteins. Proteins are placed in an
agoros hydrogel with viscosity n = 2.2Pas. The motion of the protein is damped and the
drag force is given by Stokes’ law Fg,s = 6mnav, where a is radius of the protein. The
charge on the protein is () = 100e. The protein drifts when the electric field of strength
E =5.2V/cm is applied.

a) The protein travels 2.4 mm in 3.4 h. Find the radius a of the protein!

b) Another protein has a radius o’ that is 25% bigger: Aa/a = (a/ —a)/a = 0.25. Find the
separation of the two proteins after 3.4 h. Assume that the charge on the protein is fixed
@ =100e.
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Problem 3.37: A No. 12 AMG (American Wire Gauge) copper wire with diameter d =
2.05mm and resistance per length R/L = 5.211mf)/m carries a 1.0-A current.

a) Calculate the number of electrons flowing across the cross-section per unit time.

b) Estimate the drift speed of electrons, assuming that every copper atom contributes one
“conduction electron.” Useful quantity: lattice constant of Cu: a = 0.36 nm.

c) Compare the drift speed to the the thermal speed of electrons at room temperature.

Problem 3.38: An incline at the angle # = 13° with two rails separated
at the distance | = 23 cm is an region with magnetic field B = 3.2mT.
The rails are connected by a resistance R = 4.1 mf). A copper rod

with mass m = 2.1 g rolls down the incline with a constant |
unknown speed v. Ignore the resistance of the rails and the rod. ~—
a) Draw the free-body diagram for the rod.

b) Find the current [magnitude and direction] through the rod.
c) Find the speed of the rod.

Problem 3.39: The plates of a parallel-plate capacitors are placed
at = £4.0cm. The area of the plates are A = 0.15m?. The right
plate is grounded, i.e., V = 0. The potential of the left plate is not
known. At time ¢ = 0, an oxygen ion is placed at the origin (x = 0, 4.0 cm 40 cm
y = 0) with initial speed vy = 4300 m/s. The ion travels between the —T—;
plates until it hits the left plate with speed v; = 6800 m/s. The mass o*

of the oxygen ion is m = 16.0 u.

a) Find the electrostatic potential at the origin.

b) What is the charge on the capacitor plates? Which plate is
positively charged?

c) The O-ion hits the capacitor plate on the left at the time t = 8.0 us.
How far from the x-axis does the oxygen ion hit the plate?

Problem 3.40: A circular loop of wire (radius 7 = 5.0 cm) is placed in a region of uniform
magnetic field B = 2.0 T. The magnetic field is perpendicular to the plane of the loop.

a) Calculate the magnitude of the magnetic flux through the area of the circle.

b) The loop is rotated by 180° during a time interval At = 0.5s. Find the (average) EMF
induced in the wire loop.

¢) The wire loop has resistance R = 0.1€). Find the energy dissipated in the wire.

Where does this energy come from?
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4: WAVES, SOUND, AND LIGHT 84 cm

Problem 4.1: A string with mass m = 1.5g and length L = 0.84 m SN TN I

is fixed at both ends. A vibrator generates a pattern as shown. NS
a) A mass of M = 120 g is attached to the string and hangs from a

pulley. Find the speed of the transverse waves along the string.

b) What are the maximum speed and maximum acceleration of the

up-and-down motion of the string?

c) Make reasonable assumption(s) and find an approximate value for

the force in the up-and-down direction. Is this a reasonable value?

Problem 4.2: A transducer emits ultrasound pulses that enter the human body. These
pulses are reflected at interfaces between different organs and are then received as “echoes”
in the transducer The time between sending the original pulse and receiving the echoes are
5.2 x 107°s and 9.6 x 1077 s, respectively. Assume that the (average) speed of sound is
1,540 m/s along the pathway.

a) How far from the transducer are the respective interfaces?

b) What is the size of the organ in the direction of the path of the ultrasound?

c) The ultrasound has a wavelength A = 0.56mm. How many oscillations does the
transducer produce between the arrival of the two echoes?

Problem 4.3: An organ pipe is open on one side and closed on the other side. We
use a microphone vibrating at 576 Hz to produce sound. Use the speed of sound in air
v =343 m/s.

a) The organ pipe is producing the third harmonic. Sketch the displacement of air molecules
inside the organ pipe!

b) What is the length of the organ pipe?

c) Both sides of the organ pipe are opened. What is the lowest frequency the organ pipe
can now produce?

Problem 4.4: Colby and Harry are on a romantic vacation at Beach
the beach. They are ankle deep d = 15 cm in the water.

a) What is the wave speed at the depth of Colby and Harry?

b) Colby and Harry hold hands while walking parallel to the beach. %
They are at a distance 1.61-m from each other. They notice /
that two consecutive wave crests hit their legs at the same time. 7

How many wave crests hit their legs during one minute?

c) Colby and Harry now wade deeper into the water so that

their chest are submerged at the depth d = 1.3m. Colby and
Harry keep the distance between them. Describe the part of

the wave [crest, trough, etc] encountered by Harry at the moment
when a crest hits Colby.
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Problems for Algebra-Based College
Physics | & II: including Hints and Solutions Waves, Sound, and Light

Problem 4.5: Beads with mass m = 0.42 g are secured on 2.0cm
massless string at equal 2.0-cm distance. The total string r—n
has length 3.0-m. The tension in the string is 6.2 N. L1
A travelling transverse wave with wavelength A = 34 cm j |
and amplitude A = 4.1 mm forms along the string. '
a) What is the speed of the transverse wave along the string.

b) What is the maximum speed of a bead along the string?

c) What is the maximum force exerted on each bead.

Problem 4.6: Many insects generates characteristic frequencies of sound waves by the
up-and-down movement of their wings. We assume that the characteristic frequency is
finsect = 96 Hz. Spiders detect the presence of prey by tuning the fundamental frequency of
the silk threads of their web to the frequency of the prey. The mass per unit length of silk
thread is m/L = 0.14 dtex = 0.14 g per 10,000 m.

a) The silk thread is 14.0-cm long. What is the tension Tj in the silk thread that would
produce the desired frequency?

b) The spider web contains silk threads of different lengths, ranging in length from
Ly, =9.5cm to L; = 19.5cm. Assume that the tension in the threads are identical to the
value found in a). What is the smallest and largest frequency that can be detected by the
spider?

c) The spider can increase or decrease the tension in the threads by 20%. What is the
smallest and largest frequency that can be detected by the spider?
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Problem 4.7: The waves on the surface of the ocean have wavelength A = 40.0m and are
travelling eastward at a speed of 16.5 m/s.

a) A ship is anchored. At what time intervals does the ship encounter the wave crests?

b) A ship is traveling westward at a speed of 5.0 m/s. At what time intervals does the ship
encounter the wave crests?

c) How fast and in what direction [that is, east- or west-ward] is the ship traveling if it
encounters 22 wave crests every minute?

Prdblem 4.8: A transducer emits ultrasound pulses that enter the
human body. The frequency produced by the transducer is 3 MHz.

Echo 2
These pulses are reflected at interfaces between different organs and
are then received as “echoes” in the transducer. Assume that the e

(average) speed of sound is 1,540 m/s along the pathway.
a) The transducer produces 84 oscillations between receiving echoes 1

and 2. What is the time between receiving the echoes? Soona™
b) What is the size of the organ detected by the echoes?

c) How many oscillations are observed between the two echoes produced by the smallest
anatomical feature that can be detected by the ultrasound? [Make reasonable assumption.

Problem 4.9: A body at the absolute temperature T radiates heat in the form of
electromagnetic waves, mostly in the infrared part of the spectrum [so called blackbody
radiation]. The intensity is proportional to the fourth power of temperature T*: S = oT*,
where o = 5.67 x 1077 W/(m? K*) is the Stefan-Boltzmann constant (blackbody radiation).
It is independent of the type of material, and applies to the human body, metals; ...

a) The oven temperature during baking is set at 7' = 450 K (350°F). What is the energy
density (energy per volume) of the infrared radiation?

b) What is the strength of the electric field inside the oven?

c) The inside of the oven has dimension 60cm x 40cm x 50cm. What is the total
energy of the electromagnetic radiation inside the oven. Compare the total electromag-
netic energy with the internal energy of the air inside the oven. (Treat air as a diatomic gas.)

Problem 4.10: The power of the lens in the eyes can be adjusted by tensing the muscles.
The power of Colby’s lens varies between 56 diopters when the muscles are relaxed and 58
diopters when the muscles are tensed.

a) Colby’s retina is 1.8 cm behind the lens. What is the vision of Colby? Does she have
normal vision or does she need prescription eye glasses?

b) Colby chooses a fashionable pair of glasses that sits 2.0-cm in front of her eyes. What
prescription does she need? If corrected for reading, assume that she reads a book 20.0 cm
in front of her eyes.

c) Colby watches her best friend Harry who sits 2.0-m away from her. What is the power
of the lens in her eyes while she observes Harry with her prescription glasses on?
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Problem 4.11: A sources produces light with frequency

f =5.25 x 10 Hz. The light beam strikes a double-slit TX
with spacing 0.035 mm. The interference pattern is observed ® |-
on a screen at a distance 1.5 m. source

a) Find the position on the screen (i.e., the coordinate x), where
the first dark fringe is observed away from the forward direction.

b) The entire apparatus is immersed in a fluid with unknown index double-
of refraction. It is observed that the first dark fringe moves 3 mm slit 15m screen
towards the center line so that ' = 9mm. What is the index -—

of refraction of the fluid?

Problem 4.12: An octave describes a certain range of frequencies. In Western music, the
range is based on the musical tone C'. The first seven octaves are:

Scientific Octave

Designation || name fmin [Hz]| fmax [Hz]
Co Subcontra 16.4 32.7
4 Contra 32.7 65.4
Cy Great 65.4 130.8
Cs Small 130.8 261.8
Cy One-lined 261.6 523.6
Cy Two-lined 523.6 1046.5
Cs Three-lined 1046.5 2093.0

a) Assume that the organ pipe is open on both sides and v = 343m/s for the speed of
sound in air. Find the lengths of organ pipes such that the octave C; (Contra) is produced
as the first harmonic.

b) An organ pipe manufacturer produces pipes of variable length longer than 16 cm. Your
living room can accommodate pipes that are shorter than 1.4 m. What is the range of
frequencies that the organ pipes in your living room can produce?

c) For most pianos, the lowest octave is C; (Contra). What is the lowest complete octave
that the organ pipes in your living room can produce? What is a practical conclusion of
your result? (Open-ended question).

Problem 4.13: FEzoplanets are recently discovered planets that orbit stars other than
“our” sun. The closest star from the sun (and thus Earth) is Proxima Centauri at a distance
R = 4.2lightyears = 2.74 x 10 m from the Earth.

a) You use a 6-m telescope in the visible part of the spectrum [A = 530nm]|. What is the
size [diameter] of the smallest exoplanet of Proxima Centauri that you could observe with
the telescope? Compare to the size of Jupiter vy, ~ 70,000 km!

b) What wavelength would have to use if you want to see an exoplanet of the size of Jupiter
near Proxima Centauri using your 6-m telescope?

c) What is the closest distance from which you can see Jupiter with visible light using the
6-m telescope? Assume green color. Compare to the distance to Prorima Centauri!
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Physics | & ll: including Hints and Solutions Waves, Sound, and Light

Problem 4.14: Colby is a 3rd-grader who wears eyeglasses with prescription —0.75 diopters.
The frames are 2.0 cm in front of her eyes. The distance between the lens in her eyes and
the retina is 1.9 cm.

a) She needs to sit in the front row so that she can see the writing on the blackboard 2.3-m
away from her desk. What is her far point?

b) Colby does not wear her eyeglasses during a boat trip and looks at a lighthouse far
away. Where is the image formed by the lens in her eyes when her muscles are completely
relaxed? Interpret your result!

c) Colby sees her optometrist. What is her new prescription?

Problem 4.15: A ray is incident on a slab of glass that is 3.0-cm

thick. The angle of incident is 8 = 54°. The ray is refracted when o1 .
entering and leaving the slab; the two rays in air above and below 3;;83
the glass slab are parallel to each other. The rays in air are 3.0 cm

displaced 1.0 cm.

a) What is the index of refraction of the glass? air
b) The incident angle is increased to 6" = 64°. Find the displacement )

of the ray leaving the slab of glass. d2 \0 m
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Problem 4.16: An upright 5-cm tall image of 15-cm tall object is produced by an unknown
lens. The object and image are separated by 12 cm.

a) Draw the appropriate rays to find the location of the lens and to determine the type and
focal length of the lens.

b) Describe each step.

c) The location of the object is now changed and the lens stays fixed. Calculate the size of
the image when the separation between object and image is 5.0 cm.

d) Use ray tracing to confirm your calculation in part c).

Problem 4.17: The retina in Harry’s eyes is 2.1 cm behind the lens in his eyes. The power
[strength] of the lens in his eyes varies by changing the tension in the eyes muscles between
P.in = 47.6 diopters and P, = 49.5 diopters.

a) Calculate Harry’s near- and farpoint. Is Harry near- or far-sighted?

b) Harry sees his optometrist so that he can look at objects far away and read a book at
the distance 25-cm from his eyes. Harry wears his eygelasses 2.0-cm from the lens in his
eyes. What prescription does Harry get from his optometrist?

Problem 4.18: A 3.0-cm tall object is placed in front of a mirror; an upright, 2.0-cm tall
image is formed 8.0-cm away from the object.

a) Use ray tracing to find the focal length of the mirror. Is the mirror concave or convex?
b) The mirror is kept fixed. How much do you have to move the obect so that the image is
upight and 1.0-cm tall?

Problem 4.19: During the day, the pupils of a person have a diameter D = 1.8 mm.

The red tail lights of a car are separated by the distance d = 1.3 m.

a) The frequency of the red light is f = 4.4 x 10* Hz. Calculate the wavelength.

b) How far away can the car be located so that the two lights can be resolved by the pupil?
c¢) During the night, the opening of the pupil is three times as large. How far away can the
car be located at night so that the two tail lights can be resolved?

Black box

Problem 4.20: An object is 2 cm tall. A single lens/mirror is

hidden inside a (opague!) black box and produces an image that

is 5 cm tall and upright. The image is 8.0 cm to the right of the t
object.

a) What type of lens/mirror is used to produce the image?
b) Use ray-tracing to find the location of the lens/mirror and
the focal length. Describe (i) how the location and (ii) the focal T
length of the lens/mirror are found by ray tracing.

c) Find the focal length of the lens/mirror hidden inside the black box!

object image
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Problem 4.21: The maximum value of the electric field of an electromagnetic wave is
E =750V/m. Use L = 33.5 x 10* J /kg for the latent heat of ice and p = 917kg/m” for the
density of ice.

a) What is the maximum value of the magnetic field of the electromagnetic wave?

b) Calculate the intensity of the electromagnetic wave.

c) An ice cube with dimension a = 1.0 cm is placed in the path of the electromagnetic wave.
How long does it take for the light to melt the ice cube? Discuss your result. Open-ended
question.

Problem 4.22: A 2.4-cm tall object is placed in front of a concave spherical mirror with
radius of curvature R = 14.5 cm.

a) An upright image is formed by the mirror. What are the smallest and largest possible
values of the distance between object and the mirror?

b) The image is formed 21-cm away from the object. What is the distance between object
and mirror?

c) What is the image height?

Problem 4.23: A diffraction grating with 8600 lines per centimeter is illuminated at
normal incidence with white light [wavelengths range from 400 nm (violet) to 700 nm (red)].
a) For how many orders can one observe the complete spectrum in the transmitted light?
b) Do any of these orders overlap? That is, does the sequence of the colors follow the
normal ordering?

c) You use another diffraction grating such that the complete fourth-order of the spectrum
can be observed. Calculate the number of lines per centimeter of the other grating.

Problem 4.24: Harry and Charlie are identical twins except for their vision. The retina
is 1.8 cm behind the pupil in the eye. Harry’s prescription is -1.0, whereas Charlies’s
prescription is +1.0. We use standard convention so that object can be seen clearly between
25-cm and ‘infinity” measured from the eyes. Harry and Charlie wear identical eyeglasses
(in appearance) at the distance 2.0 cm in front of their eyes.

a) Find the range of the power of Harry’s and Charlie’s eyes.

b) Harry accidently wears Charlie’s glasses. What is the range of object distances that
Harry can see clearly?

c) Charlie accidently wears Harry’s glasses. What is the range of object distances that
Charlie can see clearly?
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Problem 4.25: The propagation of (light) rays can be compared
to the propagation of an object, for example a person, at some
constant velocity. We use this analogy to analyze Snell’s law of
refraction. A lifeguard observes the beach from a seat 9.3 m

away from the lake. She can run at a speed of v, = 8.9m/s

and swim at a speed of vgyim = 1.25m/s. A swimmer is drowning
and needs to be rescued: he is 7.2 m from the beach and 8.2 m
along the beach away from the life guard.

a) The lifeguard takes a straight-line path.

How long does it take her to arrive at the swimmer?

b) The lifeguard now takes the path so that she arrives

at the swimmer in the shortest time. Where does she enter the lake?
c) What is the shortest time for the lifeguard to reach the swimmer?

Problem 4.26: We use ultrasound waves with frequency f = 41kHz.

Transducer #1 is opposite a microphone at the distance 4.20 cm.

A second transducer #2 is placed at the (unknown) distance = from
#1 along the horizontal. The two transducers vibrate in-phase.

Use v,y = 343 m/s and vyater = 1497 m/s for the speed of sound

in air and water, respectively.

a) Find the smallest distance x so that no sound is picked up by
the microphone.

b) Calculate the time delay when wave crests produced by #1 and
#2 arrive at the microphone. FEzplain your result!

c) Both transducers and the mircophone are held in place.

A water-filled vial (size d = 1.65 c¢m) is placed in the path between
#1 and the microphone. Calculate the time delay when wave crests
produced by #1 and #2 arrive at the microphone.

d) Interpret the result in ¢)! Ignore the attenuation of sound inside
the vial.

ko
w
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beach

'-'_ lifeguard

mic

4.2 cm
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Problem 4.27: Low-level laser therapy (LLLT) is an experimental therapy to stimulate

cellular function. The intensity of the laser is 25 mW /cm”.

a) What is the magnitude of the electric field of the light? Use the rms value.
b) The laser irradiates a circle with radius a = 2.4 mm with a 75-ms pulse.

What is the energy deposited in the tissue?
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Problem 4.28: Emmy is trying to complete her report for the experiments with lenses; her
record is incomplete: she forgot to write down the type and focal lengths of the lenses she
used in the experiment. Her record for the images, the position x along the principal axis,
and the image heights h reads:

| |real /imaginary |« [cm]|h [cm]|

object n/a 0 4.0
intermediate real 7.0 -2.0
final real 18.0 | 5.0

a) Draw the ray diagram for the problem.

b) Use the ray diagram to find the focal lengths of the two lenses. What is the distance
between the two lenses? What are the object and images distances.

c¢) Emmy did not finish the second part of the lab, where she was supposed to move the
object one centimeter further to the left, while leaving the two lenses unchanged. Find the
location of the intermediate and final image along the principal axis.

Problem 4.29: A hemispherical metal is polished on both sides so that it can be used as
either a concave or a convex mirror. The radius of the sphere is R = 12.0 cm

a) An object of height 3.0 cm is placed at the distance 8.5 cm in front of the mirror when
used as a concave mirror. What is the height of the image produced by the mirror?

b) The hemisphere is flipped and the object faces a convex mirror. Find the image height.
c) A second object of unknown height is placed at a different location such that image
heights are heopcave = —7.0cm and heopvex = 1.0cm when the hemisphere is used as a
concave and convex mirror, respectively. What is the height of the second object?
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Problem 4.30: Two of the largest telescopes on Earth are Keck I & II on the summit of
Mauna Kea on Hawaii (W. M. Keck Observatory). The telescopes are identical with a 10-m
diameter.

a) Ignore disturbances due to the Earth atmosphere. What is the resolving power of these
telescopes? Assume visible light with wavelength A = 550 nm (green).

b) You use this telescope to look for the features on the Moon. What is the size of the
smallest object that you can see?

Some useful and not-so-useful information:

[Length [Value |
Elevation of Mauna Kea [above sea] |4208 m

Radius of Earth 6.38 x 10% km
Radius of Moon 1.74 x 10% km
Distance Earth - Moon 3.84 x 10° km
Distance Earth - Sun 1.496 x 10® km

Problem 4.31: The Doppler effect applies to all waves, including electromagnetic waves
with the speed of light replacing the speed of sound. Astronomers observe the light emitted
by a star, and notice that the Balmer line A\g = 656 nm (corresponding to the n =3 — n = 2
transition) is “red shifted” to A = 660 nm.

a) Is the star moving towards or away from the Earth [assume that the Earth is at rest]?
b) Calculate the speed of the star.

Problem 4.32: The rooms in a hotel are 4.2-m wide, and " 4
are staggered on the left (rooms #1, #3, #5,...) and right I — ! -~ L
(rooms #2, #4, #6,...) of a 3.8-m wide hallway. The door

openings are 1.2 m, and are in the middle of the rooms.

Use v = 343 m/s for the speed of sound in air. Assume that —— 5
sound emerging from a room can be treated as plane wave, \ 12m
and ignore (multiple) reflections of sound in the hallway.

a) What is the range of wavelength that can leave one room

and enter the room “diagonally across” the hallway, for example

from room #1 to room #2.

b) What musical tones can be heard “diagonally across” the hallway?

3.8m

42m

Tone A3 04 D4 G4 A4 C5 D5 G4
Frequency [Hz]|220 261.6 293.7 392.0 440.0 523.3 587.3 784.0

c) The architect wants to prevent musical tones higher than G4 from traveling across the
hallway. How does she change the floor plan?

Problem 4.33: A bucket with diameter D = 54 cm is partially filled with water. The
depth of the water is 24 cm. Harry carries the water-filled bucket. He walks and generates
standing surface waves in the bucket. Assume that the displacement of water is greatest at
the bucket wall. Treat the bucket as a one-dimensional container.

a) Sketch the surface water wave across the bucket.

b) Find the frequency of the standing surface waves.

c) Make reasonable assumptions and estimate how fast Harry is walking.
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Problem 4.34: Two converging lenses have focal lengths f; = 4.0cm and fo = 7.0cm,
respectively. The object with height h, = 4 cm is placed infinitely far from lens #1.

a) Lens #2 is placed the distance A = 10.0cm behind lens #1. Find the location of the
final image; is the final image real or virtual?

b) Lens #2 is now moved to the distance A = 12.0 cm behind lens #1. Find the location
of the final image; is the final image real or virtual?

c) Draw the ray diagram for the case when lens #2 is A = 11.1c¢m behind lens #1 (note

that A < fi+ f2). Where is the final image? What is the total magnification? Is the image
real or virtual?

d) The configuration in part c) is used in Opera glasses. What lenses do you use to build
an opera glass where the objective (lens #1) and eye piece (lens #2) are separated by the
distance A = 12.0 cm and magnifies 3.5-times.

Problem 4.35: Harry’s retina is 2.1cm behind the lens of his eyes. The power of the
lens in his eyes is 52.5 diopters and 48.5 diopters when the lens is under tension and fully
relaxed, respectively.

a) Calculate Harry’s far- and nearpoint. Is Harry far- or nearsighted?

b) Harry complains about his vision and goes to the optometrist. What prescription does
he need if he wears eyeglasses that are 2.0-cm from his eyes?

c) Harry wears his eyeglasses and looks at an object that is 50.0 cm away from his eyes.
What is the power of the lens in his eyes?

Problem 4.36: A rope has length [ = 2.1m and mass m = 57g. The rope hangs from
the ceiling, and a block with mass M = 3.7 kg is attached at the bottom. Assume that the
tension in the rope is determined by the weight of the block and the weight of the rope can
be ignored. Use pyater = 1000 kg/ m® for the density of water.

a) The rope is hit at the botton, and a pulse travels upwards. What is the time for the
pulse to reach the end of the rope at the top.

b) The block near the bottom is completely immersed in water. The time for the pulse to
travel the length of the rope is t' = 6.1x 1072 s. Find the average density of the hanging block.

Problem 4.37: An electronic device produces the frequency fyevice = 440 Hz; it is hidden
inside a tennis ball. We drop the tennis ball in a well that is 17.3-m deep. You hear
the frequency as the ball drops to the bottom of the well and then rebounds completely
inelastically and returns to the original height. Use v = 343 m/s for the speed of sound.

a) Describe the time dependence of the observed frequency, and draw a sketch of the graph
for the observed frequency vs. the time.

b) What is the highest and lowest frequency that you hear.

c¢) You drop the tennis ball at time ¢ = 0. When do you hear the frequency f' = 450 Hz?
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Problem 4.38: Seven rowboats are secured on two landing A=8.0m Land
stages separated by the distance A = 8.0m, as shown. The

rowboats are separated by the distance 2.2m. The landing

area is protected by a wall at the distance L = 20m from the <l ~
land. The wall has an opening of width D = 2.5m. E - -~
Ignore (multiple) reflection(s) of water waves. ° s o

a) A surface wave hits the wall and enters the landing area. 3

The three rowboats closest to land (in light gray) move D=2.5m y\ygq
up-and-down, while the remaing four rowboats on each I— —
side are stationary. Find the wavelength of the surface wave! N

b) The period of the oscillatory motion of the rowboats is 0.4 s. i

What is the speed of the surface wave?

c) For what period of the oscillatory motion of the surface wave

are all rowboats moving up-and-down?

Problem 4.39: A conver mirror has focal length f = —4.0cm. An object is 5.0 cm tall
and is placed in front of the mirror. The image is upright and 2.0 cm tall.

a) Draw the appropriate rays to find the location of the image.

b) Find the image distance algebraically.

c) Draw the appropriate ray diagram to find the location of the object.

d) Find the object distance algebraically.

Problem 4.40: Harry and Emmy are both nearsighted. Harry’s prescription is -2.5
diopters, Emmy’s is -1.75 diopters. Both wear eyeglasses that are 2.0-cm from their eyes.
a) What are the farpoints of Harry and Emmy?

b) Harry and Emmy accidentally switch their eyeglasses. What is the farthest object that
they can see clearly when they wear the “wrong” eyeglasses? Fxplain your result!
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5: MODERN PHYSICS

Problem 5.1: If a photon travels in an electric field [usually produced  carbon atom C
by a nucleus, such as '2C], it can spontaenously disintegrate into an
electron and a positron which is the “anti-particle” of the electron. . electron
Both electron and positron have mass m = 9.11 x 1073 kg. positron
This process is called pair production. \-fy_\* .\
a) Calculate the smallest possible photon frequency that produces

pair production by assuming that both electron and positron are at rest.

b)What is the recoil velocity of 12C as a result of pair production?

Problem 5.2: The length of a C = C bond is ¢ = 0.139nm = 1.39 x 1071%m. A
dye-molecule consists of a backbone of six C = C bonds. We use the “particle-in-a-box”
model to explain the light emitted by the dye-molecule.

a) The electron is in the “first-harmonic state.” What is momentum and energy of the
(valence-) electron?

b) Find the wavelength of the photon necessary to excite the electron to first excited state?
Is this within the visible range [400-700 nm]|?

Problem 5.3: Neutrons are contained in a “bottle” kept at the e o,
temperature T = 1200 K. Use m = 1u for the mass of a neutron. L. e ey
a) What is the energy [in eV] and momentum of the neutrons °© o 3
as they escape through small hole? e e

b) The neutrons are traveling towards a copper lattice that T=1200K

acts as adiffraction grating. The lattice constant of the Cu ° e |
lattice is b = 0.361 nm. Find the angle 6 [away from the forward oo A
direction], where the first order diffraction peak is found! : :

Problem 5.4: A metal plate is irradiated with light of variable wavelengths.

a) The longest wavelength that can be used to eject electrons form the metal is
Amax = 940nm. Find the workfunction of the metal. Give your result in unit of eV.

b) If visible light (380nm < A < 750 nm) is used in the experiment, what is the speed of
the fastest photo electron that can be produced?

Problem 5.5: A 1,000 Megawatt nuclear power plant produces nuclear “waste” including
about 0.5 kg of plutonium each day. Atomic mass of plutonium mp, = 244 u.

a) The half life of plutonium is 24,360 years. Calculate the activity of 0.5 kg of plutonium.
b) How long does it take for the activity to decrease to 5.0 x 107 Bq?
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Problem 5.6: The (valence) electron in a dye-molecule is described by the particle-
in-a-box model. The length of the box is a multiple of a C = C bond with length
dy = 154 pm = 0.154 nm.

a) An electron undergoes a transition from n;, = 5 to ny = 2 and emits light in the UV-vis
range with a wavelength A = 95.4nm. What is the number of C = C bonds in the backbone
of the dye molecule?

b) Vibrations cause the length of the dye molecule to increase and decrease by 5%. What
is the change in the wavelength of the emitted light when the electron undergoes the n; =5
to ny = 2 transition?

Problem 5.7: In a simplified description, “blackbody” radiation are photons in thermal
equilibrium, i.e., photons at thermal energies F, = kgT', where T is the temperature and
kg is the Boltzmann constant.

a) What is the frequency and wavelength given off by the human body? In what range is
the wavelength of the photon? Use 37°C [98.7°F] for body temperature.

b) Microwave radiation with wavelength A = 5.3 mm is observed by radiotelescopes when
they are aimed in any direction. Assume that the origin of the photon is blackbody
radiation. What is the temperature of the source of the radiation?

Problem 5.8: Neutrons are useful because they probe vibrations in solids and macro-
molecules (for example, high density lipoproteins HDL) during scattering processes.

a) Many neutron reactors produce ‘thermal neutrons.” Find the wavelength of thermal
neutrons (at room temperature 7' = 25°C)!

b) The scattered thermal neutron has wavelength N = 0.165nm. Find the energy
transferred to the solid/macromolecule during the scattering process.

Problem 5.9: The Shroud of Turin shows a remarkable negative imprint that is believed
by some to be the imprint of Jesus including crucifixion wounds. The shroud first surfaced
in the 14th century. Use that the half-time for carbon is T}, = 5730yrs. The natural
activity of 1-g carbon from living samples is Ay = 0.23 Bq.

a) Small samples of cloth were taken and 1-g carbon samples produced. What activity
would you expect based on the fact that Jesus lived 2000 years ago.

b) The observed activity of the sample from the shroud is A = 0.21 Bq. How many years
ago was the cloth produced?

c) What can you conclude regarding the historical origin of the shroud? (Open-ended
question).

Problem 5.10: Electrons in a metal can be described by the “free-electron model:” the
electrons are waves with wavelength 2a < A < oo where a = 0.361 nm is the lattice spacing
between ions ions in the metal.

a) Find the maximum momentum py,.,. What is the corresponding velocity of the electron
(so-called Fermi velocity)?

b) Find the maximum energy FEy... What is the corresponding temperature?
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Problem 5.11: “Sun bed” in tanning salons emit UVB radiation with wavelength
A =320 nm.

a) Calculate the energy and momentum of one photon of UVB light.

b) The intensity of UVB light is S = 0.09 mW/(cm)?. Calculate how many photons hit a
single skin cell during a 30 minute tanning session. Assume that the cross sectional area of
a skin cell is 5 pm x 5 pm.

Problem 5.12: The electron in a hydrogen atom makes a transition from the state n = 4
to the state n = 2.

a) Determine the wavelength of the photon created in the process.

b) Assuming that the hydrogen atom was initially at rest, determine the recoil speed of the
hydrogen atom when this photon is emitted.

Problem 5.13: In the S~ -process, a neutron (n) decays into a proton (p), electron (e),
and an (anti-) neutrino (Z.): n — p+ e + V.. A recent (2014) experiment has established
an upper bound for the neutrino rest energy F, < 0.3 — 0.9eV. On Earth, the biggest
source of neutrinos are the thermonuclear reaction inside the Sun. It is estimated that the
3 million-billion solar neutrinos through every square meter. Assume that neutrinos travel
at the speed of light. What is the upper limit for the mass density (i.e., mass per unit
volume) of the neutrino gas near the Earth surface?
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Problem 5.14: The absorbed dose D is defined as the absorbed energy per unit mass:
D = E/m. The SI unit of dose is gray, 1Gy = 1J/kg. If humans are exposed to a dose
D = 4Gy, 50% of the exposed population would be expected to die within 60 days [so
called 50% lethal dose]. A tank contains 80 liters of water. What is the increase in the
tempeterature if the tank is exposed to a dose of 80 Gy?

Problem 5.15: Calculate the binding energy of the deuteron 2D.

Problem 5.16: In a simple model, the charge of the electron can “feel” its own electric
field. It can be shown that that this self-interaction gives rise to an electron “self energy,”

2
EPEy — "
a

where a is the radius of the electron.

a) Assume the mass of the electron has purely electrostatic origin; this defines the so-called
classical electron radius a. Calculate a.

b) What is the photon wavelength that would be necessary to “see” the size of the electron.
Compare the photon wavelength to the Compton wavelength of the electron.

Problem 5.17: You want to study details of a biological specimen as small as 2.0 nm. The
specimen is 5 ¢cm in front of some type of lens with fixed aperture (opening) 4.0 mm.

a) What is the wavelength you need to see the desired details?

b) You use an light microscope. What is the frequency of the light? Can you see the
electromagnetic wave with your naked eye? What is the energy of photons? Convert to eV
c) You use an electron microscope. What is the speed of the electrons that would allow you
to see the desired details? What is the kinetic energy of the electrons? Convert to eV!

Problem 5.18: In spectroscopy, a conventional unit for frequency is the number of
wavelengths in one centimeter. The usual symbol is 7 so that [7] = em™!. This unit is
called “kayser.”

a) What is the conversion factor from hertz to kayser?

b) One very strong infrared band of HyO vapor has wavenumber 7 = 1595cm™!. What is

the energy of the emitted photon?

Problem 5.19: Photons are particles traveling at the speed of light and thus have zero rest
mass. However, an effective inertial mass of the photon may be defined via the relativistic
energy mass equivalence, m. o = F./c*. A photon corresponding to yellow-line of sodium
A = 589nm is emitted from a laser on the ground and shot to the top of the 541-m tall
Freedom Tower.

a) What is the effective inertial mass of the photon?

b) What is the change in the energy of the photon as it climbs near the top?

c) What is the wavelength of the photon when it is near the top? Is the light red- or
blue-shifted?
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Problem 5.20: Phonons are quantized vibrations of the crystal lattice; they have
properties similar to photons, in particular they both have zero mass. The wavelength of
the vibrations is a multiple of the lattice constant a. Useful constant: lattice constant
a = 3.61 A and speed of sound ¢ = 4800 m/s.

a) Find the energy and momentum of a phonon for a copper crystal when A = 20 a.

b) Compare the phonon energy to thermal energies. Are phonons important for properties
of copper at room temperature? (Open-ended question).
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HINTS

Reference to sections in U. Zurcher, Algebra-Based College Physics I € II (Bookboon, 2014)
are given in square brackets, e.g., [1.1].

Problem 1.1: Treat the landing of the robber on carts as an inelastic collision [7.2]; find
the forces from impulse-momentom theorem [7.1].

Problem 1.2: Use the conservation of linear momentum [7.1] to find the velocity of the cart
and the conservation of mechanical energy [6.2] to find the initial angle 6y. The displacement
of the cart follows from the center-of-mass coordinate [7.1].

Problem 1.3: Find the vector components of the two routes; the total displacement follows
adding components [1.2].

Problem 1.4: The tennis ball is described by projectile motion [3]; find the time when the
ball is caught from the horizontal displacement.

Problem 1.5: Find the speed of the brick right before hitting the ground from free fall [2.4]
or conservation of energy [6.2]. find the “ground reaction force” from the impulse-momentum
theorem [7.1].

Problem 1.6: Use the work-kinetic energy theorem [6.1].

Problem 1.7: Find the inital speed of the ball from kinematics equation for free fall [2.4].
Use Vave = (vo + v5)/2 for the average velocity for motion with constant acceleration.
Problem 1.8: Apply Newton’s second law for both blocks [4.2]; the magnitude of the
acceleration of the two blocks is the same.

Problem 1.9: Apply conditions of mechanical equilibrium to the pole [8.2]; choose the
contact of the pole with the incline as the axis of rotation.

Problem 1.10: Use the work-kinetic energy theorem for rotation [8.3] to find the angular
acceleration, and then use rotational kinematics equations [8.1].

Problem 1.11: Treat the block as a mathematical pendulum [9.2]; find the speed of the
block along the vertical from conservation of mechanical energy [6.2]; the block undergoes
circular motion [5].

Problem 1.12: Find the speed at the bottom from conservation of mechanical energy [6.2]
and the “sticking” of the two blocks as an inelastic collision.

Problem 1.13: Find vector components and add the components [1.2].

Problem 1.14: The football is described by projectile motion [3]; the minimum speed is
equal to the (constant) horizontal component of the velocity vector.

Problem 1.15: The runners can be described by motion with constant velocity [2.2].
Problem 1.16: Apply the kinematics equation for motion in one dimensions [2.2 & 2.3];
the closest distance between Emmy and Harry determines Emmy’s velocity.

Problem 1.17: First treat the two blocks as the ‘system’ and apply the conservation of
mechanical energy [6.2]; then treat the block m; as the ‘system’ and apply the work-kinetic
energy theorem [6.1].

Problem 1.18: Apply Newton’s second laws separately for the three blocks [4.1]; the three
blocks have the same acceleration.

Problem 1.19: The raindrop undergoes uniform circular motion [5]. The centripetal ac-
celeration is directed along the horizontal direction.

Problem 1.20: Consider the Earth at rest and assume that the Moon orbits the Earth in
uniform circular motion [8.1].
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Problem 1.21: The board is in mechanical equilbrium [8.2]. Choose the center of the board
as axis of rotation.

Problem 1.22: The ball is in projectile motion [3]. The ball in the person’s hand corre-
sponds to the ‘peak’ of the trajectory.

Problem 1.23: The no-slip condition relates the angular speed to the linear speed w = v/r,
and the angular acceleration to the linear acceleration a = a/r [8.1]. The total (translational
and rotational) kinetic energy of the solid sphere is KE = (7/10)mv? [8.3]. Find the linear
acceleration from kinematics equations [2.3].

Problem 1.24: Use the the conservation of energy for the sum of kinetic energy of the bob,
gravitational potential energy, and elastic energy of the spring [6.2 & 9.1]. The bob is in
circular motion.

Problem 1.25: Harry and Emmy travel at constant velocities (in opposite direction) [2.2].
Problem 1.26: Apply Newton’s second law for both the wedge and the box [4.2]. The
net force on the block and the wedge [and thus their accelerations| are directed along the
horizontal. Choose the z- and y-axis along the horizontal and vertical, respectively.
Problem 1.27: The total linear momentum of the two blocks is always constant [7.1]. The
sum of kinetic energy of the two blocks is not constant: the difference is not constant during
the collision when the spring is compressed [6.1 & 9.3].

Problem 1.28: The motion of the ball undergoes simple harmonic motion. Identify the
initial position of the ball with the turning point and the position at the bottom of the ball
as the equilibrium position. The maximum speed at the equilibrium is determined by the
amplitude and angular frequency [9.2].

Problem 1.29: The board is in mechanical equilibrium [8.2]. Choose the support as the
axis of rotation. The torque produced by the weight of the board is the same in both
situations.

Problem 1.30: Treat the ejection of water as an inelastic collision for the squid plus water
system [7.2]; then consider the squid as the system and find the force on the squid from the
impulse-momentum theorem [7.1].

Problem 1.31: Use the conservation of energy for the spring-block system [9.1] and find
the friction force from the work-kinetic energy theorem [6.1].

Problem 1.32: Choose a fixed coordinate system; the center of mass is constant [7.1]. First
find the combined mass of Emmy and the boat.

Problem 1.33: The block undergoes simple harmonic motion so that the block comes to
a temporary stop at the turning point [9.1]. Energy is conserved for harmonic motion [9.3],
and treat the clay hitting the block as an inelastic collision [7.2].

Problem 1.34: Use the conservation of energy to find the speed near the top [6.2]; include
the rotational kinetic energy of the wheel using the no-slip condition w = v/r [8.1].
Problem 1.35: Find the linear acceleration and rotational acceleration [8.1]. Find the net
force along the incline from the linear acceleration [4.1] and the static friction force from the
angular acceleration [8.3].

Problem 1.36: The climber is in mechanical equilibrium [8.2]. Choose the contact between
feet and the wall as the axis of rotation.

Problem 1.37: Angular momentum is conserved during the sommersault [8.3]; the rota-
tional kinetic energy changes due to the work done by the person’s muscles [considered as
an external force].

Problem 1.38: The projectile is in free fall [2.4].

Problem 1.39: The acceleration of the blocks are determined by Newton’s second law [4.2].
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The rope connecting the blocks have different tensions to the left and right of pulley. The
difference between the tensions produces a net torque on the pulley [8.3].

Problem 1.40: The plank is in mechanical equailibrium. Choose the lower end of the plank
sitting on the ground as the axis of rotation [8.2].

Problem 1.41: The board is in mechanical equilibrium [8.2]. The spring forces are the
same (different) when the block sits at (off) the center of the board [9.3].

Problem 1.42: Mechanical energy is conserved when the diver is in free fall [6.2]. Use the
work-kinetic energy theorem to find the force exerted by the water on the diver [6.1].
Problem 1.43: The block undergoes motion in one dimension; find the average velocity
(speed) from the total displacement (total distance) [2.1 & 2.2]. Use the definition of the
period of a harmonic motion [9].

Problem 1.44: The wooden board is in mechanical equilibrium [8.2]. Choose the point of
contact between the board and the leg as the axis of rotation.

Problem 1.45: Use the work-kinetic energy theorem to find the tension in the rope [8.3].
Problem 1.46: Emmy travels at constant velocities from A to B and from B to C [2.2].
Problem 1.47: The projectile is in free fall [2.4].

Problem 1.48: The #2 pencil undergoes rotational motion around the fixed tip. Note
that there is translational motion of the pencil. Use the conservation of energy to find the
angular speed [8.3].

Problem 1.49: The balls are in free fall [2.4]; when the red ball is in Harry’s ball, neither
of the other balls are at the highest point.
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Problem 1.50: The vector sum of the weight and the two tension is zero. Use components
to add vectors.

Problem 1.51: The bob is in circular motion so that the speed follows from the centripetal
acceleration [5]. The net force follows from the impulse-momentum theorem [7.1].
Problem 1.52: Use the impulse-momentum theorem to analyze the ‘collision’ of the egg
with the ground. The “ground reaction force” does work on the egg, while the package is
compressed [6.1].

Problem 1.53: Treat the two blocks as the system and use the conservation of energy [6.2].
Then consider the block m; as the system, and use the work-kinetic energy theorem to find
the tension in the rope [6.1].

Problem 1.54: Apply Newton’s second law for linear motion [4.2] and rotation [8.3].
Problem 1.55: The maximum speed is determined by the amplitude and the period [9.2].
The momentum in horizontal direction is conserved when the clay sticks to the block [7.2].
Problem 1.56: The box is in mechanical equilibrium [8.2]; choose the front leg as the axis
of rotation.

Problem 1.57: The linear and angular speed are related since the Yo-Yo does not slip [8.1].
Energy is conserved when the Yo-Yo falls [8.3]; find the tension in the rope from Newton’s
second law for rotation [8.3].

Problem 1.58: The Earth surface is the turning point and the center of the Earth is the
equilibrium position of the harmonic motion [9.1]; the acceleration due to gravity g is equal
to the maximum acceleration [9.2].

Problem 1.59: Find the the impulse from the net force acting on the block, and then use
the impulse- momentum theorem [7.1]. The bullet burying into the block is described as an
inelastic collision [7.2].

Problem 1.60: The blocks are in uniform circular motion [5].

Problem 1.61: The box is in mechanical equlibrium [8.2]; the linear acceleration of the
box along the horizontal direction is due to the static friction force.

Problem 1.62: The satellite is in uniform circular motion [5].

Problem 1.63: Treat the squirting of water as an inelastic collision [8.3]. Show that the
squirting the gun n times [each time with mass m| yields the same speed of Harry as squirting
the gun only once but with total mass n - m.

Problem 1.64: The ball is in projectile motion [3]; the top of the tower is the peak of the
trajectory.

Problem 1.65: Consider the wheel and the block as the system and find the speed from
the conservation of energy [8.3]. The torque follows from the work-rotational kinetic energy
theorem [8.3].

Problem 1.66: Linear momentum is conserved for any collision [elastic or inelastic| [7.2]
Problem 1.67: Use Newton'’s second law for the blocks separately [4.2].

Problem 1.68: The two blocks are in uniform circular motion [5]; both blocks have the
same period. The distortion of the ball follows from the work-kinetic energy theorem [6.1].
Problem 1.69: Find the speed of the ball from the projectile motion [3]; and the time of
impact from the impulse-momentum theorem.

Problem 1.70: The ball is in projectile motion [3]; at the peak, the ball “turns around.”
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Problem 2.1: Find the average specific heat from the energy balance QT = Q. Write
two equations (for the total mass and the average specific heat) to find the two unknowns,
namely the mass of water and cellulose in the apple.

Problem 2.2: The work done by the weight changes the internal energy of the gas [12.4];
the pressure difference between the compartments holds up the weight [12.3].

Problem 2.3: Find the acceleration of the coin from kinematics equation [2.3]. Since the
buoyant force is know [10.1], find the mass [and thus density] of the coin from Newton’s
second law [4.2].

Problem 2.4: Use the definition of pressure and the expression of hydrostatic pressure
[10.1].

Problem 2.5: The flow speed changes due to the changes in the cross-sectional area [10.2];
a change in the flow speed induces a pressure difference.

Problem 2.6: The lower air pressure inside the pipette [10.1] is produced by the air flow
across the pipette [10.2].

Problem 2.7: The floating block is in mechanical equilibrium [4.2]; when the block is
submerged below the waterline, the increase in the buoyant force can described in terms of
a linear restoring force [9.3].

Problem 2.8: Consider the heat balance: heat is given off by the condensing steam and
heat is absorbed by the water [12.2].

Problem 2.9: The number of moles follows from the ideal gas law [12.3]; water molecules
are expelled due to the hydrostatic pressure [10.1].

Problem 2.10: The temperature of the air changes due to the added heat [12.1].
Problem 2.11: In a space heater, the dissipated heat is converted in to heat; calculate the
mass of air per minute that can be heated [12.4]. Assume maximum efficiency [Carnot] for
the heat pump, and asssume that the extracted heat from the cold ambient is “free” [12.4].
Problem 2.12: The buoyant force is determined by the total volume when the buoy is
completely submerged; when the buoy swims the buoyant force is equal to the weight [10.1].
Problem 2.13: Use the ideal gas law to find the number of air molecules inside the balloon
at ambient temperature and the number of expelled air molecules due to the increase in
temperature [12.3]. Because the volume of the balloon is fixed, the buoyant force does not
change [10.1].

Problem 2.14: Use the ideal gas law to calculate the number of air molecules in the two
compartments [12.3]; the total internal energy is constant [12.4].

Problem 2.15: When ice melts, the center of mass is lowered so that the weight of the
block of ice is doing work [6.1]; this work is converted into heat necessary for melting the
ice [12.1 & 12.4].

Problem 2.16: The heat given off by the water is absorbed by the air [12.1]; use the ideal
gas law to find the number of air molecules [12.3].

Problem 2.17: When the block is submerged below/above the water line, the net force is
linear to the vertical displacement of the block [9.3 & 10.1]. Use the analogy with harmonic
motion of the spring-block system [10.3].

Problem 2.18: The pressure difference between above and below the wing generates an
upward force equal to the weight of the plane [10.2].

Problem 2.19: The gauge pressure is equal to the pressure difference between the inside
and outside of the tire [10.1].

Problem 2.20: Calculate the probabilities for the various velocity intervals. For the root-
mean-square average: first calculate the square of the velocities, then the average, and finally
the square root. The average kinetic energy of molecules is determined by the absolute
temperature [12.3].
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Problem 2.21: Find the net force on the balloon from the buoyant force, weight of the hot
air and the the load [10.1]. Use kinematics equations [2.3] to find the time to reach the top
of the tower.

Problem 2.22: Use the table that the ratio is constant Ah/h = —At/7, where 7 is the
time constant of exponential decay. The water level inside the bucket decreases because
water flows through the horizontal pipe.

Problem 2.23: Write Newton’s second law in the form F, = mAv/At [4.1] to show
that Av/At = (v — v)/T, where vy, is the terminal speed and 7 is the time constant of
exponential time dependence. The buoyant force must be included [10.1].

Problem 2.24: Oxygen can be treated as an ideal gas [12.3] if the ambient (total) air
pressure is replaced by the partial pressure of oxygen.

Problem 2.25: For the heat pump, the dissipated heat is used to heat the room. For the
heat pump, the heat removed from the ambient air is “free” [12.4].

Problem 2.26: Process is isobaric for 1 — 2; adiabatic for 2 — 3, and isochoric for 3 — 1.
Use the first law to calculate the heat added/removed for each part [12.4].

Problem 2.27: Use the definition of entropy in terms of the added/removed heat and the
temperature [12.4].

Problem 2.28: V = const for B — C and C' — A, P = const for A — B, and T = const
for C'— D. Use the first law to calculate the heat added/removed for each part [12.4].
Problem 2.29: When the rods are connected in parallel: the temperature difference is the
same and the heat flux is the sum of the heat flux through each rod. When the rods are
connected in series: the heat flux through the rods are the same - this condition determines
the temperature of the point, where the rods are connected [12.1].

Problem 2.30: Use the equations for projectile motion to find the speed of water leaving
the hose [3], which, in turn, determines the volume flow [10.2].
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Problem 3.1: The direction of the Coulomb forces between the ions and the electron is
determined by the geometry of the NaCl molecule and the location of the electron [13.1].
Problem 3.2: The center-of-mass (CoM) motion is conserved in the collision. The Coulomb
force between the ions is “internal” and does not affect the motion of the CoM [7.1].
Problem 3.3: The directions of the Coulomb forces between the ions and the electron are
determined by the geometry of the water molecule and the location of the electron [13.1].
Problem 3.4: The Coulomb force between the two ions is attractive [13.1]; the bond force
balances the Coloumb force [13.1] and the electric force in the external electric field (if
present) [13.2]. The increase in the bond force is described as an elastic force [9.3].
Problem 3.5: The dust particle is in free fall along the vertical [2.4]; the particle undergoes
motion with constant acceleration along the horizontal [2.3]. The motion along the horizontal
and vertical are independent of each other [2.4].

Problem 3.6: The electrostatic potential is the algebraic sum of the contribution of the
two charges [13.3]. The electric field then follows from the vector sum of the electric fields
produced by the two charges [13.2].

Problem 3.7: The current in a LC-circuit corresponds to the velocity of the block in the
spring-block system. The magnetic and electric energies corresponds to the kinetic and
potential energies, respectively [15.2 & 9.3].

Problem 3.8: First find the magnitude of the magnetic field; the direction of the magnetic
field is then determined by a right-hand-rule [15.1].

Problem 3.9: The circuit is described by three currents [14.1]. The resistors cannot be
replaced by an equivalent resistor.

Problem 3.10: Charged particles travel undeflected when the electric [13.2] and magnetic
forces [15.1] cancel out each other. The strengths of the electric and magnetic fields deter-
mine the electric and magnetic energy densities, respectively [13.4 & 15.2].

Problem 3.11: The magnetic force on the charged particle acts along the radius, i.e., the
magnetic force is the centripetal force [15.1].

Problem 3.12: The charge producing the electric field lies along the line defined by the
electric field vector [13.2].

Problem 3.13: Simplify the circuit stepwise [14.1] by combining resistors connected in
series and parallel.

Problem 3.14: The magnetic field at the point P is the vector sum of the the magnetic
fields produced by the two wires [15.1].

Problem 3.15: The charge and current in the LC-circuit correspond to the coordinate and
velocity of the block in the spring-block system [15.2 & 9.3]: the inductance corresponds to
the mass L ~ m and the capacitance corresponds to the reciprocal spring constant C' ~ 1/k.
The LC-circuit is at a turning point when the capacitor is fully charged.

Problem 3.16: First calculate the magnitudes of the magnetic fields produced by the two
thin wires, and then use a right-hand-rule to determine the direction [15.1]. Find the vector
components of the magnetic fields [1.2].

Problem 3.17: The electric field is uniform inside the capacitor [13.2].

Problem 3.18: The magnetic field at P is determined by the current through the wire
and the shortest distance between the wire and the point P [15.1]; the shortest distance is
determined along a line perpendicular to the wire.
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Problem 3.19: The electrostatic potential is the (algebraic) sum of the potentials produced
by the two ions [13.3]. Use the conservation of energy to find the speed of the electron as it
travels [6.2].

Problem 3.20: The vector sum of the weight and the Coulomb force are balanced by the
spring force [4.2]. Find first the location of the charge on the ground and then the electric
charge.

Problem 3.21: Only the 42 and 6 resistors form a series pair and no resistors can be
treated as in parallel. The circuit is characterized by three currents [14.1].

Problem 3.22: The determine the force on the rod from the RHR [15.1]. Since the rod
is parallel to the capacitor, the induced EMF across the rod determines the charge on the
capacitor [15.2 & 14.1]. Energy is ‘lost’ due to the energy dissipated in the circuit.
Problem 3.23: The The force on the charged particle is due to the magnetic force and a
component of the tension in the string [5 & 15.1].

Problem 3.24: For motion with constant acceleration, the average velocity can be written
in terms of the initial and final velocities v,y = (v;+v5)/2 [2.3]. The charge on the capacitor
is determined by the potential difference [13.2].

Problem 3.25: The electric field produced by a single charge is in radial direction [13.2];
the total electric field is obtained by vector addition [1.2].

Problem 3.26: The forces on the hanging charge () are the weight, the tension, and the
Coulomb force from the other charge q. The charge ¢ is moved very slowly so that the charge
@ is always in (almost) mechanical eqilibrium [4.2].

Problem 3.27: The direction of the magnetic field produced by the current is in the (z,y)-
plane [15.1].

Problem 3.28: The circle is an equipotential line for the charge ¢; at the origin [13.3].
Problem 3.29: The charge on the capacitor is fixed when the battery is removed from
the capacitor. The electrostatic potential energy stored in the capacitor changes when the
dielectric material is removed [13.3]. The average force follows from the work [6.1].
Problem 3.30: The proton is in uniform circular motion [5]; the equivalent current is given
by the ratio of the elementary charge and the period.

Problem 3.31: The electron “feels” the electrostatic potential from the oxygen and the
two hydrogen ions [13.3]. The sum of kinetic energy and electrostatic potential energy is
conserved [6.2].

Problem 3.32: The potassium ion undergoes projectile [3] and uniform circular [4] motion
when an electric and a magnetic field is present, respectively. The force on the potassium
ion is determined by Newton’s second law [4.1], which then yields the strength of the electric
[13.2] and magnetic fields [15.1].

Problem 3.33: The oildrop is in mechanical equilibrium [4.2]. Because the oil drop is
negatively charged, the electric force on the drop and and electric field are in opposite
direction [13.2]. The electric field inside the capacitor is proportional to the electric charges
on the capacitor plates.

Problem 3.34: The charge on the capacitor decays exponentially; the time constant is
determined by the capacitance and the resistance [14.2]. The dissipated energy can be
calculated from the loss of the stored electrostatic potential energy [13.3].

Problem 3.35: The electric potenial ‘felt” by the electron is produced by the potassium
and sodium ions [13.3]. The total energy of the electron is conserved: the change of the
kinetic energy of the electron is due to the change in the electrostatic potential energy [13.3].
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Problem 3.36: The “protein drifts” implies that its velocity is constant and the net force
is zero [2.2 & 4.2]. The relevant forces are the electric force and the drag (friction) [13.2].
Problem 3.37: Calculate the number of electrons flowing through the cross-section per
second, and assume that each copper atom occupies the volume of a sphere; use the lattice
constant as the radius of the sphere. Calculate the drift speed from the volume flow rate
[10.2]. In thermal equilibrium, the kinetic energy of electrons is determined by the absolute
temperature [12.3].

Problem 3.38: The rod glides down with constant constant velocity so that the net force
is zero [4.1]; the forces along the incline are a component of the weight of the rod and the
magnetic force. The direction of the current follows from the right-hand rule [15.1]. The
induced EMF is equal to the voltage drop across the resistor.

Problem 3.39: Use the work-kinetic energy theorem to calculate the potential difference
between the capacitor plates [6.1 & 13.3]. The motion of the oxygen ion is analogous to
projectile motion: the acceleration is zero along the y-axis, a, = 0, and is non-zero along
the x-axis, a, # 0 [3].

Problem 3.40: The induced voltage in the circuit is produced by the change in the magnetic
flux [15.2].
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Problem 4.1: The wave speed and the wavelength determines the frequency [11.2]. There
is only a single frequency in this system; that is, the period of the wave motion is identical
to period of the harmonic motion of each bead [9.2].

Problem 4.2: The ultrasound pulses travel with constant velocity [2.2]. The time to travel
from the transducer to the “wall” is identical to the travel time from the “wall” to the
transducer.

Problem 4.3: The length of the organ pipe and the boundary condition (i.e., closed or
open) determines the wavelength [11.5].

Problem 4.4: The condition that “consecutive wave crests hit their legs at the same time”
is a condition for the wavelength. The depth of the water determines the wave speed [11.1].
Problem 4.5: The mass of a bead and the separation determines mass per unit length,
which then determines the wave speed [11.2]. Each bead undergoes simple harmonic har-
monic motion so that the accleration is determined by the frequency and amplitude [9.2].
Problem 4.6: The frequency of the insect corresponds to the first harmonic of the standing
wave along the silk thread [11.5].

Problem 4.7: The inverse of the time interval is equal to the frequency; the source of the
surface water waves (namely the wind) is stationary, while the observer (namely the boat)
moves [11.3].

Problem 4.8: The wave speed v = Af determines the speed of crests [and troughs| of the
wave [11.1].

Problem 4.9: The energy density of the electromagnetic radiation is determined by inten-
sity 16]; air can be treated as ideal gas [12.3].

Problem 4.10: This is a ‘two-lens’ problem: (1) the prescription eye glasses and (2) the
lens in her eyes. A real image is formed at the retina [17.2].

Problem 4.11: The frequency of the light is independent of the material. The wavelength
changes because the wave speed changes [16].

Problem 4.12: The shortest (longest) wavelength corresponds to the highest (lowest) fre-
quency [11].

Problem 4.13: The possibility to “see” an object is given by the resolving power [18].
Problem 4.14: The blackboard is the object; the image formed by her correction eye glasses
is at her farpoint [17.2]. When a farsighted person sees object “fuzzy,” the image by the
lens in the eye is not formed on the retina.

Problem 4.15: First use geometry to find the angle of the refracted ray in the glass [17].
Problem 4.16: The image is formed between the object and the lens [17.2].

Problem 4.17: The image is always formed on the retina [17.2].

Problem 4.18: Because the virtual image is smaller than the object, a convex mirror is
used [17.2].

Problem 4.19 The possibility to “see” an object is determined by the resolving power [18].
Problem 4.20: Because the enlarged virtual image is to the left, a concave mirror is inside
the “black box” [17.2].

Problem 4.21: The intensity of sunlight is determined by the strength of the electric and
magnetic fields [16]. Intensity is defined as power/area.

Problem 4.22: Virtual images are upright [17.1].

Problem 4.23: “Normal ordering” lines means that the diffraction angle of the red line in
order n is less than the diffraction angle of the violet line in the next order n + 1 [18].
Problem 4.24: The object distances are determined by the requirement that the images
are formed at the far- and nearpoints [17.2].
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Problem 4.25: Express the sinf; and sinfy as a function of the xz-coordinate where the
lifeguard enters the water. Use a numerical software package [e.g., Ezcel - Part of the Office
Suite (Microsoft Corp, Redmond, WA)] to solve the mathematical condition implied by
Snells law [17.2].

Problem 4.26: Use the method of ray tracing [17.2].

Problem 4.27: The intensity is determines the energy density of electromagnetic waves
[16], which, in turn, determines the magnitude of the electric field [13.4].

Problem 4.28: Use ray tracing [17.3]; the intermediate image is real.

Problem 4.29: The second object is at an unknown distance from the mirror. Use the
mirror equation twice to find an equation for the image distances [17.1].

Problem 4.30: The possibility to “see” an object is determined by the resolving power
[18].

Problem 4.31: The Doppler shift for frequencies applies to all waves, including electro-
magnetic waves [11.3]. Keep (at least) four significant figures in intermediate calculations.
Problem 4.32: Sound is diffracted at the doors [11.6]; the geometry of the rooms determines
the diffraction angle.

Problem 4.33: The standing waves inside the bucket corresponds to the first harmonic
[11.5]. Walking is the source of the water waves; the frequency of the water wave and the
frequency associated with walking are the same [11.1].

Problem 4.34: The lens equation simplifies because the object is infinitely far away [17.2].
Problem 4.35: Normal vision corresponds to a farpoint at infinity, and a nearpoint at the
“standard” reading distance 25 cm. If the object is at an intermediate distance, the power
of the lens in the eye is found by solving a two-lens problem [17.2].

Problem 4.36: The speed of the pulse is determined by the wave speed, which, in turn,
depends on the tension in the rope [11.2].

Problem 4.37: The device inside the tennis ball is the source of sound and the observer is
stationary [11.3].

Problem 4.38: The surface water wave is diffracted at the opening. Row boats within the
diffraction cone move up-and-down, while the others are at rest [11.6].

Problem 4.39: The image is virtual and behind the mirror [17.1].

Problem 4.40: The correction eyeglasses form (virtual) images at the farpoint [17.2].
Problem 5.1: The photon energy is converted into the energy associated with the rest
masses of the electron and positron [19].

Problem 5.2: The electron is described by a standing wave [20.2].

Problem 5.3: The neutrons can be treated as an ideal gas [12.3]; the energy of the neutrons
determines their wavelength. The diffraction of particle waves follows the same physical laws
as those of any other wave [11.6].

Problem 5.4: The shortest wavelength of photons is produced when electrons are ejected
with zero kinetic energy [20.1].

Problem 5.5: Express the half-life of plutonium in seconds [21].

Problem 5.6: The energy of the emitted photon determined by the difference of the electron
as it makes the transition n; =5 — ny = 2 [20.2]

Problem 5.7: The energy of particles in thermal equilibrium is proportional to the (abso-
lute) temperature [12.3].

Problem 5.8: The neutron scattering can be described by an inelastic collision of the
neutron with an (unknown) particle [7.2].

Problem 5.9: The activity decreases exponentially with time [21].
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Problem 5.10: The smallest (largest) wavelength of the electron determines the largest
(smallest) momentum [20.2].

Problem 5.11: The intensity can be written as the number of photons per area and time
multiplied by the energy of one photon [20.1].

Problem 5.12: Initially the hydrogen is at rest. The total momentum is conserved during
the emission of the photon, which can be modeled as collision [7.2].

Problem 5.13: Calculate the number density (number per cubic-meter) of neutrinos from
the stated number of neutrinos crosssing a square-meter and per second [10.2].

Problem 5.14: The absorobed heat and the absorbed dose are proportional to the mass of
the sample.

Problem 5.15: A deuteron consists of a proton and a neutron [19].

Problem 5.16: The electrostatic potential energy of the electron is equal to the rest energy
of the electron [19].

Problem 5.17: For any type of wave, the size of the sample must be of the order of the
wavelength [18].

Problem 5.18: The frequency is inversely proportional to the wavelength [11.2].
Problem 5.19: For a photon with ‘mass’ m = E/c?, the photon energy decreases as the
mass gains gravitational potential energy [6.2].

Problem 5.20: Since phonons are massless particles, the momentum is given by p = h/\
and the energy is £ = hf [20.1]
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SOLUTIONS

Problem 1.1: Here we use “velocity,” “momentum” and “forces” to mean the components
of the velocity, momentum, and forces parallel to the tracks. We treat the landing of the
robber on a runaway cart as inelastic collisions: When he jumps to the slower cart, the
conservation of linear momentum yields:

253 kg - 1.3 2 1 82kg - 3.2 = (253 kg + 82kg) - v,
S S

so that the speed with him securely standing on the cart,

,  591.3kg-m/s

vl = — 18—,

335kg s

We repeat for the landing back to the original (fast) cart:
253 kg - 3.2 1 82kg - 1.8 % = 335 kg - 0,
S S

so that the velocity follows
y  957.2kgm/s _og™

T s
That is, the two jumps have resulted in an overall slow down of the fast cart. We calculate

the force exterted on the carts from the change in momentum, or impulse, J = mAv = FAt.
We then find the force extered on the slow cart,

) — 82kg - (1.8m/s — 3.2m/s)
o m(vy —v1) _ = 06N
landing At 1.2 ’
and the force exerted on the fast cart,
1= 82kg- (2.9m/s — 1.8m/s)
po o m =) — 75N
landing At 1.2 ’
We note that the forces are in opposite direction: Flgln)ding < 0 - the robber slides forward
on the slower cart and the friction force on the cart is directed backward; F, @ > 0- the

landing
robber slides backward on the faster cart and the friction force on the cart is forward.

Problem 1.2: The momentum of the system [mass and cart] is zero: pyt = 0. The
conservation of momentum yields pyy = 0 = mv + M Veay, so that Veay = —(m/M)v, or
1.2kg m m
‘/car =——- 18— =-04—.
' 5.4kg s s

The cart moves towards the left. In the vertical position, the system has only kinetic energy:
Ereen = mvg@,l/2 + M‘/cirt/zﬂ or

1.2k > 54k 2
Eyout = Tg <1.8 9) i Tg (0.4 9) —1.04]+0.43] = 2.371J.
S S
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This is equal to the initial potential energy Epecn = mgh = mgL(1 — cos ) so that cosy =
1— E/mgL,
2.37J
cosby=1— 5 = (.76,
1.2kg-9.8m/s” - 0.86m

and 0y, = 40.0°. We use a coordinate system with x = 0 at the original center of the cart.
We find the horizontal displacement of the bob dx = —0.86 m - sin 40° = —0.55m. Since the
CoM is fixed, we obtain mdz = (M + m)Az, so that the displacement of the cart follows
Az =m/(m+ M) oz,

1.2kg

Ar =
T 12kg + 54k

(—0.55m) = —0.1m.

The cart (as well as the bob) undergoes oscillatory motion. The amplitude of the motion
is equal to the displacement of the cart A = |Az| = 0.1 m. Since Vg = wA, the angular
frequency follows w = Via /A, or

so that T' = 1.57s. Compare this period with that of the mathematical pendulum, i.e., in
the limit M >> m: Tyam = 27+/L/g = 27r\/(0.86 m)/(9.8m/s’) = 1.86s.

Problem 1.3: We find the distance along route #1: d; = 6.5km/h-2.0h = 13.0km. The
east-west and north-south components follow

Ax; =13km - cos38° = 10.2km Ay, = —13.0km - sin 38° = —8.0 km.

Since the skipper returns to the longitude at the start: the east-west component of route
#2 is Axyg = —10.2km. The skipper stays on route #2 for the time t5: —10.2km =
—6.5km/h - cos63° - ty; we solve for the time ¢,

10.2km

6.5 km/h - cos 63° 35

to

The north-south component of route #2 follows Ay, = —6.5km /h-sin 63°-3.5h = —20.3 km.
Thus, she crosses the W 154° longitude at the distance D from island B:

D =45km — 8.0km — 20.3km = 16.7 km.

In general, the condition Az; = —Axs gives 6.5km/h - cos38° - t; = 6.5km/h - cos 63° - t5.
The speed 6.5km/h drops out and we express 5 in terms of ¢;:

cos 38°
to = t1 = 1.74¢4.
2 cos 63° ! !

The condition that the skipper arrives on island B gives Ay = —45km = 6.5km /h - sin 38° -
t;1 — 6.5km/h - 8in63° - ty, or 45km = 4.0km/h - t; + 5.8 km/h - £5, or

km km

km
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We solve for the time ¢; of the first leg:

~ 45km
~ 14.1km/h
Problem 1.4: We calculate the horizontal component of the velocity of the tennis ball:

Vo = 25.0m/s - cos35° = 20.5m/s. Since Ax = Vgt = 57.0m is the ball’s horizontal
displacement , we find the time in air: t,, = Ax/vg,

57.0m

tair = = 2.8,
20.5m/s i

The vertical component of the initial velocity is given by vy, = 25.0m/s-sin 35° = 14.3m/s.
This gives the height where the ball is caught h = y(tair) = vo ytair — gt2,/2:

m 1 m
h = 143—-2.8s——-9.8— -(2.8s)?
S s 2 S2 ( S) )

= 402m—37.9m = 2.3m.

We find the vertical component of velocity of the ball at the time tai,: vy air = Vo — glair, OF

m m m
Uyair = 143 — — 9.8 = - 2.85 = —12.9
’ S S

g.
The speed of the ball is equal to the magnitude of the velocity vector: v =y /v, + v} i,

= \/(20.5 ?)2 n (—12.9 ?)2 _ 24.3%.
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Problem 1.5: We use the conservation of energy to calculate the speed of the brick before
it hits the ground: mgh = mvé/Z. We solve for the speed: vy = v/2gh,

m m
vy = \/2-9.8—2-8.0m: 12,5 —.
S S

For the collision with the ground: the initial velocity is v; = vy = 12.5m/s and the final
velocity is vy = 0. The initial and final momentum of the brick follows p, = 0.3kg -
12.5m/s = 3.75kg - m/s and py = 0. We find the brick’s change in momentum, or impulse,
J=Ap=ps—pi=—pi,

kgm

J=-=3.75 .
s

Since the bricks comes to a full stop in the time At = 0.012s, the average total force force
is given by: F,.. = Ap/At,

—3.75k 3
Fro = —270K8I/S g1 5,
0.012s
Here, the negative sign means that the average force is directed upwards. Since the weight
of the brick W = mg = 0.3kg - 9.8 m/s2 = 2.9N points downwards, the normal force [or
“ground reaction force”| follows

Fy=-3125N-29N = —-3154N.

Problem 1.6: The initial kinetic energy of the golf ball is zero: KE; = 0. We find the final
kinetic energy: KE; = mv?/2,

1 2
KEj = 5 0.045 ks - (1902) =814,
S

We use the work-kinetic energy theorem to calculate the work done on the golf ball: W =
AKE = KEy,
W =28.1J.

This work is done while the golf ball is compressed by the distance s = 1.2 x 1073 mm. Since
W = Fpe- s, with s = 1.2 x 1073 m. We solve for the (average) force extered by the club on
the ball: F,,. = W/s,

8.1J
Fave = ———— = 6.8kN.
1.2x 103 m

In flight, work is done by the gravitational force [weight of the ball], which we express in
terms of the gravitational potential energy of the ball: W/ = —APE = —PE; = —mgy; so
that -

W' = —0.045kg - 9.8 =l 9.6m = —4.2J.

We use the work-kinetic energy theorem: W' = AKE' = KE; — KE; with KE; = KE;. We
solve for the ball’s kinetic energy at the point P: KE} = KE; + W,

KE; =82J+ (-421]) =4.0J.

Since KE’f = mv% /2, we find the speed of the ball at the point P: vp = 4 /2KE'f/m,
2-4.0J m
= =13.2—.
"=\ 0.045 kg s

Download free eBooks at bookboon.com




Since KE}; = mv$ /2, we find the speed of the ball at the point P: vp = 4 /2KE’/m,

2-4.0J m
= — 1322,
P =1 0.045 kg s

Problem 1.7: The ball is in (vertical) free fall. When the ball at its highest point: v = 0.
Since h = 15m — 1m = 14 m, we find the displacement: Ay = h = (v§ — v?)/2g9 = v}/2g.
We thus find the initial speed: vy = v/2gh,

m m
Vg = \/2 . 9.8—2 -14.0m = 16.6 —.
S S
The vertical displacement is Ay = —1.0m. Since UJ% = v2 — 2gAy, we obtain

9 m 2 m m) 2
0= (1662) +2.9.82 1.0m =2040 (2.
S S S

Since the ball falls, vy < 0, and we obtain
m
=—-172—.
Uf S

Since the acceleration is constant, the average velocity can be calculated from the initial
and final velocities: vave = (vo + v¢)/2,

1
Ve = = [16.6 m. (—17.2 9)] — 032
2 S S S

We write the average velocity in terms of the displacement Ay and the time ¢, v, = Ay/t.
We solve for the time t = Ay/vaye,

note that ¢ > 0, as it should.

Problem 1.8: The forces on the hanging mass m, are the weight W, = my;g = 3.0kg -
9.8m/s” = 29.4 N and the tension in the string 7. The force on the block m; on the ground
are the weight Wy = mog = 5.0kg - 9.8 m/s2 = 49.0N, the tension 7', the normal force Fly,
and the (kinetic) friction force fr, = pupFy. We draw the free-body diagrams for the two
blocks. Newton’s second law for the hanging block my yields

Y F,=294N-T =30kg-a,
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T
Fn
and Newton’s second law for block on the ground ms: T
f
Y F, =T-f,=50kg-q,
Wo=mzg
F, = Fy —49.0N = 0.
Z Y N Wi=mi g

The normal force follows Fiy = 49.0 N. Then the friction force is given by fx = 0.24-49.0N =
11.8 N. Inserted into Newton’s second law for my along the horizontal T'—11.8 N = 5.0kg-a
so that the tension in the string follows

T =50kg-a+11.8N.

We now find from Newton’s second law for m;: 294N —5.0kg-a+ 11.8N = 3.0kg - a, so
that the (common) acceleration of the two blocks follows

294N —11.8N m
5.0kg + 3.0kg s?

Insert the acceleration a into the equation for the tension in the string:
m
T'=50kg 22— +11.8N =228N.
s

It is instructive to solve this problem symbolically. The acceleration follows a/g = (m; —
frma)/(my + ma).
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Problem 1.9: We draw the free-body diagram for the pole.
The forces are the weight W = 240N (downward), the tension 7'
in the rope (horizontal) the normal force Fy (perpendicular

to the incline) the static friction f; (along the incline).

We choose the z-axis along the horizontal direction and FN T
the y-axis along the vertical. We start from Newton’s
. fs
second law for the pole:
> F. = T+ ficos30° — Fysin30° = 0, W

Y F, = Fycos30° + f,sin30° — 240.0N = 0.

We choose the point of contact between the pole and the incline as the axis of rotation; with
this choice the normal force and the static friction do not contribute to the torque. Since
240.0N - 2.6 m cos 30° = 540.0 Nm. Since 2.6 m - sin30° = 1.3m, the torque follows

Zr — —540.4Nm + 7T -1.3m = 0.

We solve for the tension,
~540.4 Nm

T —
1.3m

We use sin30° = 1/2 and cos 30° = v/3/2, and find two equations for the normal force and
static friction force:

= 415.7TN.

V3 1
22— ZF
SRANL

1
?FN +5fs = 20N,

so that f, = 480N — v/3Fy, and we get

—415.7N,

V3 [480N — \/§FN] — Fy = —831.4N,

or 4Fy = 1662N. We find the normal force Fiy = 415.5N; the static friction follows
fs = —239.7N. Here, the negative sign means that the direction of the static friction in the
free-body diagram is incorrect; it should be in the opposite direction.

Problem 1.10: We find the magnitude of the torque on the disk produced by the tension
T="1Tr,
7=14N-0.4m = 0.56 Nm.

Since the angular displacement is A = 2w rad/4 = 1.57rad, the rotational work done by
the torque follows W = 7A0,

W =0.56 Nm - 1.57rad = 0.88 J.

We now use the work-kinetic energy for rotation. Since the disk is initially at rest, w; = 0,
W = AKE = Jw}/2. The angular speed follows wy = /2W/I,
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Newton’s second law for rotation reads 7 = Ia. We solve for the angular acceleration
a=r1/I,
0.56 Nm rad

T 0Takgmz T e
We find the elapsed time ¢ from rotational kinematics Af = at?/2 since w; = 0. We find

t=+/2A0/a,
t = L?rac; — 9204s.
0.76 rad/s

Problem 1.11: The initial position is the turning point and the vertical position is the
equiilibrium position for the mathematical pendulum. The period is given by 7' = 27+/L/g
so that We find the period T"

Thus, the time from the turning point to the equilibrium point is a quarter period t* = T'/4,

B 2.62s
4

*

= 0.65s.

Because the block is initially at rest, the mechanical energy is equal the initial potential
energy: Eoean = PE; = mgh,

Eueen = 0.5 kg - 9.8?2 .0.125m = 0.61J.

This potential energy is transformed into kinetic energy of the block at the vertical position:
KE = 0.61J = mov? /2. The maximum speed follows vy = /2 - KE/m,

When the block is at the vertical position, the forces acting on it are the tension 7' (up)
and weight W = mg = 0.5kg - 9.8m/s” = 4.9N (down). Since the block undergoes circular
motion, the acceleration of the block in the vertical position is a, = v2, /L,

(1.56 m/s)? m
— PS4
e 1.7m s?

We then find from Newton’s second law for the block: circular motion 7"— 4.9N = 0.5kg -
1.4m/s* = 0.7N. Thus, the tension in the string follows

T'=49N+0.7N =5.6N.
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Problem 1.12: The mechanical energy of the block is constant as the objects glides down
the frictionless ramp. The conservation of energy yields PE, + KEy = PE, + KE;. Since
the block is initially at rest KE = 0 and PEq = mgh = 0.125kg - 9.8 m/s2 -0.6m = 0.74J.
At the bottom of the bowl PE, = 0 and KE, = mv?/2. Since KE;, = PEy, the speed at the

bottom of the ramp v, follows vp = /2KE,/m,

[2.074] m
S il
=\ 0125 ke s

(This is equal to v, = 1/2gh - i.e., the speed at the bottom of the bowl is independent of the
mass of object). The linear momentum is conserved during the (inelastic!) collision when
the two objects collide mwv, = (2m)v;, so that v, = v,/2,

_ 34m/s
2

v} = 1.7?.

We use the conservation of mechanical energy to calculate the maximum height of the right
side. The kinetic energy of the two block moving together: KE, = (2m)(v;)?/2 = m(v})?,

m\ 2
KE' = 0.125 ke (”g) —0.36J.

The kinetic energy is transformed into gravitational potential energy KE' = PE' = mgh’ so
that ' = KE'/2mg = (0.36 J/(2-0.125kg-9.8 m/s”) = 0.15m. It is easy to see that &’ = h/4.
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Problem 1.13: We find the components of the vector B: B, = 6.4 cos38° = 5.0 and
B, =6.4sin38° = 3.9. Then C, = A, + B, and C, = A, + By,

C,=-12+50=38, C,=27+39=06.6.
We find the magnitude |C| = VC2+C2,
IC| = /(3.8)% + (6.6)2 = 7.6
and its direction follows from tan - = C,/C, = 6.6/3.8 = 1.74. We find
Oc = tan~'1.74 = 60°.

Since sin49° = 0.75 and cos49° = 0.66, we write the z and y components of the vector E:
E,=-12+40.57D and E, = 2.7+ 0.82D. We find tan22° = 0.4 = E,/E,, so that

04— 2.7+ 0.75D
T —1.2+0.66D

A simple re-arrangement yields 0.4 (—1.2 4 0.66D) = 2.7 4+ 0.82D, or —0.48 4+ 0.16D =

2.7+ 0.75D. We find
2.7+ 0.5 54

T 075-016

Problems 1.14: The football travels at the minimum speed when it is at the highest point
[“peak” of the trajectory]. We identify the minimum speed with the horizontal component
of the velocity vector, vmin = vz 0,

m
Vg = 17.4 —.
s
Since the distance d = 52.8 m is the horizontal displacement, we find d = v, ot.r so that

time in air follows ¢, = d/v,, or

52.8m

tair = T7 dm/s ms = 3.03s.

The time to reach peak follows tpeak = tair/2 = 1.52s. At the highest point, the vertical
component of the instantanous velocoity vanishes, vy peax = 0 = vy,0— gtair S0 that v, o = gtair,

Vo = 9.8 0 1525 = 14.9 .
S S

The launch speed follows vy = /v2 + v2,

2 2
Vo = \/<17.4 9) n (14.9 E) — 2092
S S S

The launch angle follows from tanfy = v,/vz0 = (14.9m/s)/(17.4m/s) = 0.86 so that

6o = 41°. Here we calculate the maximum height H from v, ¢: v2 =0=v,,—2gH so

) y,peak T
that H = v, /29,

14. 2
2-9.8m/s

Alternatively, the height of the peak can calculated from the time to reach the peak ?peax
and the vertical component of the launch velocity v, .
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Problem 1.15: Since John runs at the speed v; = 6.0m/s, we find the speed of Marcia:
m m
vy = 1.15-6.0 — =6.9 —.
s s

We calculate the time for Marcia to complete the race:

100 m

= —F+ =14.5s.
6.9m/s i

tar

We find the position of John at that time (assume x = 0 at the start): x; = vty
2, = 6.0 21455 — 87.0m.
S

Thus, Marcia beats John by the distance Ax =z — z; = 100m — 87.0m = 13.0m.
The time for John to complete the race:

100 m

= —— =16.6s.
6.0m/s i

ty

So Marcia beats John by the time At =t; — t,,
At =16.6s — 14.5s = 2.1s.

We repeat the reasoning for Rob and Susan. We use d = 100 m. When Rob finishes the race,
Susan is at the distance Ax’ = 24.5m from the finish; he beats her by the time At = 16.5s.
It follows that the Susan’s speed can be written vg = Az'/At,

24.5m
16.5s

vg = — 1482
S

We write the time difference in terms of their speeds: At' =tg —tgr = d/vs — d/vg

At = 4 (1—”—5).
(S VR

and the distance Az’ in terms of the time for Rob to complete the race tgp = d/vg : Az’ =

d — vgtpg,
Ar' =d (1 — U—S> )
VR

Since Az'/d = 1 — vg/vg, we find the ratio of velocities vg/vg = 1 — Ax’/d. We solve for
the speed of Rob: vg = vg/(1 — Ax/d), or

_ 1.48m/s
~ 1-24.5m/100m

m
VR =1.96 —.
S
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Problem 1.16: The graph for Harry is a straight line,
and that for Emmy is a parabola:

=*++harry

1
ri(t) = 5 0.23 ;%1 t27 .
ru(t) = —63m + 4.7 ? ¢ 122

The time for Harry to reach the origin: ¢; = (63m)/(4.7m/s)
= 13.4s. We find the position of Emmy at that time,

1
rp(13.45) = 3 0.23?2 - (13.45)% = 20.6 m.

That is, Emmy is 20.6 m ahead of Harry. Emmy runs twice as fast as Harry at some time
to: vg = 2-4.7m/s = 9.4m/s. Since Emmy runs at a constant acceleration starting from
rest, we find vy = aty; we solve for the time to: to = vg/a,

9.4m/s

= ———5 =409s.
’ 0.23m/s”

We find the positions of Harry and Emmy at the time tg:

1
75(40.95) = 3 0.232 - (40.95)? = 192.3m,

m
21(40.98) = —63m +4.7— -40.9s = 129.2m.
S

We find the separation of Harry and Emmy: Az = 192.3m — 129.2m = 63.1 m. Harry gets
closer to Emmy as long as vg > vg; Harry then falls further behind when vy < vg. We
conclude that the closest distance between Harry and Emmy occurs when Emmy runs at
the speed of Harry, vy = vy. We now obtain vg = 4.7m/s = at* and solve for the time
t* =vg/a:

4.7
o AT o4
0.23m/s
We find the position of Harry and Emmy:
1
76(20.45) = 0.23 = (20.45)* = 47.9m
S

r1(20.48) = —63m + 4.7 — - 20.45 = 32.9m
S
The smallest separation between Harry and Emmy follows Az, = 47.9m—32.9m = 15.0 m.

Problem 1.17: We consider the two blocks as the system. Because the two blocks are
connected by a string, their speeds are the same. We choose a coordinate system with y = 0
at the ground. Since y;; = y2,; = 0.21m, we find the initial gravitational potential energy
of the two blocks:

PE; = 0.97kg - 9.82 .0.21m + 1.20kg - 9.83 0.21m =2.0J+25] =451,
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The block my hits the ground y, ; = 0 and the block m; reaches y; ; = 0.21m + 0.21m =
0.42m. The final potential energy follows

PE; = 0.97kg - 9.8 5 - 0.42+ 1.20kg - 9.8 5 -0 =4.0J + 0 =4.01J.
S S

The initial kinetic energy of the the blocks is zero; when the block ms hits the ground
KE; = (0.97kg + 1.20 kg)v?/Q. The conservation of energy gives PE; = PE; + KE; so that
KE; =45J —4.0J=0.5J. We use KE; = (m; +m2)v7/2 and solve for the final speed

2.0.5) m
- —0.68 2,
v \/0.97 ke + 1.20 ke s

We know consider only the block m; as our system. We use the work kinetic energy theorem
to find the total work done on block mi: W = AKE;, or

0.97kg

2
W total = <0.68 ?) —0.227].

The total work is done by gravity [weight]| and the tension. We find the work done by gravity
is Wy = —APE; = —0.97kg-9.8 m/s2 -0.21m = —2.00J. Since W1 tota1 = Wr + Wy, we find
the work done by the tension in the string: Wy = Wigta — Wy,

Wy =022] — (—2.00J) =2.221].

The work Wr is done by the tension while the block m; is lifted through the height h =
0.21m. Since Wp = Th, we find the tension T' = Wr/h,

- 2.22]
T 0.21m

Of course, we can find the tension in the string by solving Newton’s second law of motion.

= 10.6 N.

Problem 1.18: The forces are the weights of the blocks, the normal forces t
exerted by the surface, the forces T} and T in the rods, and the pull force F'. l Fr.1
We write Newton’s second law for m;: mi|_ T,
» F, = Ti=32kg-a, 131.4N
4\FN,2 F

Y F, = Fyi—314N =0,

T —
2
< —
for mo: 4—%
T4

S Fy = 39.0N-T, — T, = T.4kga, Fusp V725N

| |
ms3 T
F, = Fyo—T25N =0 l 2
2 F N2 ’ Y 402N

and for ms:

Y F, = Ty=41kga,
> F, = Fy3—402N=0.
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We add the equations along the horizontal:

Ty + (39.0N — Ty, — Tp) + T = 39.0N = (3.2kg + 7.2kg + 4.1kg) - a

and solve for the acceleration:
B 39.0N _ 97 m

T laskg e

We find the tensions in the rods:
T, = 3.2ke- 2.7892 — 87N,

Ty = 41kg-2.7— = 1LIN.
S
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Problem 1.19: The forces on the rain drop are the weight mg = 0.045 N,

the normal force Fy and the static friction f;. Since the acceleration is

directed along the horizontal, we choose the x- and y-axis along the horizontal f

and vertical, respectively. Since cos 16° = 0.96 and sin 16° = 0.28, we find ‘S\/FN

[
> F, =096 f, —0.28- Fy = 0.0046 kg - a, ] y

> F, =028 f,+096- Fy —0.045N =0 s

We set fs = fsmax = 0.78Fy so that
0.28-0.78 Fy +0.96 Fy = 1.18 F)y = 0.045 N.

We find the normal force Fiy = 0.038N and the static friction f;ax = 0.78 - 0.038N =
0.030 N. The net force on the raindrop along the horizontal follows Fe;, = 0.78 - 0.030 N —
0.28 - 0.038 N = 0.013N. Since Fie, = ma., the centripetal acceleration of the raindrop

fOllOWS CLC - net’z/m7
0.013N m

fe = 0.0046kg
Since r = 0.14m-cos 16° = 0.13 m and a. = v?/r, we find the speed of the raindrop v = \/a.r,

v=1/28=-0.13m = 0.60 —.
S S

The period follows from T = 27r /v,

27 -0.13m
T=——16H+—/=1.35s.
0.60 /s >

We get about 2 revolutions in 3 seconds, or about 40 rpm.

Problem 1.20: We calculate the period of the Moon T); = 2.36 x 10°s so that the angular
frequency is wyy = 2w /Ty = 2.66 x 1075571, We write the acceleration of the moon in terms
of the gravitational acceleration on the Earth surface:
GMg Rg\>
=g|— ) =wyr
2, g T MM

so that the angular frequency of the rotation of the moon around the Earth follows ry; =
(9R%/w3)",

<9.8 m/s? (6.38 x 106 m)?
TV =

1/3
=3 0 km.
(2.66 x 10-65-1)2 ) 83,000 km

The Moon becomes dark during the time At; = 8 min. The time for the duration of a lunar
eclipse follows Aty = 60min — 2 - 8 min = 44 min. If vy, is the orbital speed of the moon,
we find 2Rg /2Ry = (vpAte)/(varAty). Since Aty/At; = 44min/8 min = 5.5, we find the
radius of the Moon from the Earth radius: Ry, = Rg/5.5,

~ 6300km
55

M = 1,200 km.
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Note: We find w3,r3, = const, or T3, ~ r3,; this is Kepler’s third law derived here for the
special case when the orbit is a circle [rather than an ellipse]. The correct value for the radius
of the Moon is 1740 km. The radius of the Earth was first deetermined by Eratosthenes
(276 BC - 194 BC). Our calculation shows that the distance of the Moon from the Earth
and the radius of the Moon can be obtained from relatively simple astronomical observations.

Problem 1.21: The forces are the weight of the board 2.94 N, ° °
the weight of the block 12.74 N, and the two tensions 7} and T5.
Newton’s second law for the board follows:

ZFx = Tl,ac _T2,x :Oa
Y F, = Tiy+ Ty, — 1274N = 294N = 0. 12.75N

We choose the center of the board as the axis of rotation. Since 12.74N - 0.3m = 3.82 Nm
is the torque produced by the weight of the board, the torque follows:

Y roai=Tiy - 0.6m — Th, - 0.6m — 3.82Nm = 0.
We find the sum and difference of the vertical components of the tensions:

TLy —|—T2’y == 157N,
3.82 Nm
TLy - Tg,y - 06—m - 64 N
We find T, = 11.1 N and 75, = 4.6 N. Since T’ , = 15, = T, the horizontal displacement
of the board towards the right determines the directions of the strings. We find for string
#1: tanfy, =T, /11.1N = (0.3m — d)/0.8 m, so that

T,=11.1N- M’
0.8m

similarly for string #2: tanfy = 7,/4.6 N = (0.3m + d)/0.8 m, so that

0.3m+d
T,=46N - ———,
0.8m
We obtain 0.3 p 0.3 p
ILIN. 2oy N, 22T
0.8m 0.8m
We solve for the horizontal displacement of the board:
_ILIN-46N
TILIN 46N T

The horizontal component of the tension follows:

B 0.3m—0.12m

T,
0.8m

-11.1N =25N.
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We then find the magnitudes of tensions in the two ropes T; = /T2 + Tfy,

Ty = /(25N)2+ (11.1N)2 = 11.4N,
Ty = /(25N)2 4 (4.6N)2 =5.2N.

Problem 1.22: The time for the tennis ball to hit the floor is independent of the pacing:
te = 1.1s/2 = 0.55s. Since the vertical motion is described by free fall, we find the height
h = gt?/2, or

1 m

_ 2 _

The horizontal displacement is characterized by a constant velocity v, o so that Az = 1.7m =
Uz 0ty SO that v, o = Ax/t,,

~1L7m 1 m

U0 =Ty T
Since the ball is released with zero vertical speed from the person’s hand, we find the
vertical component of the velocity when the tennis ball hits the ground: v,, = —gt, =

—9.8m/s” - 0.55s = —5.4m/s. We then find the speed of the tennis ball when it hits the

c o — a2 2
ground: vy = 4 /vz o+ V7,
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Problem 1.23: The height of the ramp is given by h = s sinf = 2.4m sin22° = 0.9m.
The kinetic energy has a contribution from rotation and translation, KE = mv?/2 + [w? /2.
We find the kinetic energy KE = mv?/2 + (2/5)Iw?/2. The moment of inertia of a solid
sphere is given by I = (2/5)mr?. Because the ball rolls without slipping, the angular speed
w follows from the linear speed v: w = v/r. We obtain

1 1 2 2 7
KE = —mv? + = - Zmsr? <E) = —muv?.
T 10

The initial gravitational potential energy PE; = mgh is converted into kinetic energy mgh =
(7/10)mov?, so that the speed at the end of the ramp follows v; = +/(10/7)gh,

10 m m
=4/—=-98—=-:0.9m = 3.55 —.
vt 7 52 o S
The rotational speed follows wy = vs/r = (3.55m/s)/(0.21m) = 16.9rad/s (recall that
“rad” is only a placeholder). Since vy = 0, we find UJ% = 2as so that the linear acceleration
along the ramp follows a = 1)]2c /2s,
(3.55m/s)? m
— Y 963 —
‘T T2 24m 033
and for the angular acceleration: o = a/r = (2.63m/s%)/(0.21m) = 12.5rad/s®. The
moment of inertia of the sphere is

2
I = : 0.1kg- (0.21m)? = 1.76 x 10> kgm?.
The torque on the sphere follows from the moment of inertia and the angualr acceleration:

T=1a,
d
7= 176 x 10 kgm? - 12.5 == = 0.022 Nm.
S

The torque is produced by the static friction force 7 = fsr. The static friction follows

fs = T/?",
~0.022Nm

Js= 0aim
The normal force on the ball is given by Fiy = mgcosf = 0.1kg-9.8 m/s2 -c0s22° = 0.91N.

The static friction force follows fs < fsmax = WsFn, we arrive at the inequality for the
coefficient of static friction, us > fsFy,

= 0.105N.

If s < 0.12, the ball would slip rather than rolling,

Problem 1.24: We choose y = 0 at the pivot so that the total energy of the bob-spring
system is zero. Since energy is conserved, we find

1 N 1
Bae =0 = =41 —(1.57m — 0.26m)? — 0.34kg - 9.8 = - 1.55m + - 0.34 kg - v2
2 m s2 2

1
= 35]J-52J]+ §0.341<g 02
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We solve for the speed of the bob:

. 2-(52J-357J) m
N 0.34 kg T s’

We use the length of the stretched string for the radius of the uniform circular motion of
the bob. We find the centripetal acceleration of the bob: a. = v?/R,

(3.3m/s)? _ ol

e = 1.55m g2

The forces on the bob are the weight mg = 0.34kg - 9.8 m/s2 = 3.3 N, and the spring force
so that Newton’s second law for the bob gives Fiing — mg = ma.. We solve for the spring
force: Fypring = m(ac + g),

Flpring = 0.34 kg - (6.2 ?2 198 ;—2) — 5.4N.

Alternatively, the spring force can be calculated from the displacement of the spring § =
1.55m — 0.26 m = 1.29m so that

N
Fipring =4.1—-1.29m = 54N,
m

/

In mechanical equilibrium, the net force on the bob vanishes so that
The height of the bob below the pivot follows,

33N
~ 4.1N/m

=mg = 3.3N.

spring

Yeq 4+ 0.26 m = 1.06 m.
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We find the total potential energy of the bob [gravitational plus elastic]: PEeq = —mgyeq+
(k/2)(Yeq — 0.26 m)?,

1 N
PEc, = —3.3N - 1.06 m + F4l—- (0.81m)* = —2.2J.
m

Since the initial mechanical energy is zero, the dissipated energy is equal to the loss of
potential energy Egiss = —PEeq = 2.2J.

Problem 1.25: Harry and Emmy pass each other at the time t*: dp = vpt* = 39.3m
and dg = vgt* = 91.4m — 39.3m = 52.1m. Harry finishes in the time 7" so that vgT =
91.4m. The ratio of the two speeds vg/vy can be written: vgt* /vgt* = vgT /vyT, so that
39.3m/52.1m = Dg/91.4m. We solve for the distance run by Emmy:

39.3m
52.1m

or aboyt 75 yards. Emmy runs to the end of the field: ADg = 91.4m — 68.9m = 22.5m.
Emmy runs the additional time At = 5.2s. We thus find Emmy’s speed vg = ADg/At, or

Dp =91.4m- = 68.9m,

22.5m m
= =43 —.
B 5.28 3 S
Harry’s speed follows from vy = (dy/dg)vg,
52.1m m m
= -4.3— =5.7—.
vH 39.3m S S

Problem 1.26: We find the forces acting on the block: the weight mg = 12 Nand the
normal force Fyy. The forces on the wedge: the weight of the wedge Mg = 52 N, the normal
force Fy, the “ground reaction force” [i.e., the normal force exerted by the ground| Fg, and
the applied force F. Since the common acceleration of the block and the wedge is along
the horizontal, we choose the z-axis along the horizontal and the y-axis along the vertical:
a; = a and a, = 0. Newton’s second law for the for the block follows
Fn
> F. = 053Fy =12kg-q,

> F, = 085Fy - 12N =0,

y
and Newton’s second law for the wedge: 12N <l_—.
X

S F, = F—053Fy =53ks - a, F Fe
> F, = Fg—085Fy —52N =0.
We find the normal force with the incline:
FN:%:MJN. w2h
0.85

The magnitude of the common acceleration of both the blcok and the wedge follows:

0.53-14.1N m
1.2kg s?
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The magnitude of the applied force follows

F=053-141N+53kg-6.2 = = 40.4N.
S

Note that Fg = 52N + 12N = (M + m)g. This makes sense: the ground reaction force
[along the vertical!] is independent of the motion along the horizontal direction.

Problem 1.27: Since linear momentum is conserved for any collision [elastic or inelastic],

we find - -
3.5kg 420 =35kg - (—0.752) +5.0kg vay,
S S

and solve for the speed of the block ms after the collision:

3.5kg

m m m
v2f 5.0kg [ S 0.5 S 35 S

The problem states that the collision is elastic; that is, mechanical energy is also conserved
during the collsion. Because the track is level, gravitational potential energy can be ignored.
When the blocks are separated, the metal strip is in its equilibrium position and the elastic
potential energy can also be ignored. We thus consider only the kinetic energies of the two

blocks: 35k 35k > 5.0k
o 42 B (—0m5 ) 4 2,

and solve for the speed of the block my after the collision.

2.(30.97 —1.0J) m
v = \/ 5.0kg =80

The two methods of course yield the same result! Linear momentum is conserved at all times,
independent of the compression of the spring; the conservation of momentum now reads,

3.5kg- 422 =5.0kg - vl
S
The speed of the block v; when the spring is compressed follows

. 3.5kg gom

m

50kg s S

We use the conservation of energy to find the elastic potential energy stored in the spring

at that instant: 15k 5 0k )

S (422 ) = PE"+ 22 (30) .
2 2

The elastic potential energy follows PE* = 30.9J — 22.5J = 8.4J. The elastic potential

energy is determined by the spring constant and k£ and the compression of the spring d*:
PE* = 5.0 x 103N/m - (d*)?/2, we find,

2.8.4]
& = — 5.8cm.
\/5.0 1P Njm S
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Problem 1.28: We use geometry to calculate the height where the pearl is released:
h=0.12m- (1 —c0s27.0°) = 0.013 m.

We use the moment of inertia of a solid sphere I = 2mr?/5 and the angular speed w = v/r

[for rolling without slipping]. We then find the sum of the translational and rotational kinetic

energy of the pearl at the bottom of bowl, KE = mv?/2 + (2mr?/5)(v/r)?/2 = Tmv?/10.

The conservation of energy then yields mgh = (7/10)mwv?. We solve for the speed v =
(10/7)gh, or

1
v= \/—0 982 .0.013m = 0.42 2.
7 s2 S

The amplitude of the harmonic motion follows from the radius R = 0.12m and the angle
90 = 27O, A= RSiIleo,
A=0.12m - sin27.0° = 0.054 m.

The bottom of the bowl is the equilibrium position of the harmonic motion so that the
maximum speed is equal to the speed of the pearl at the bottom: v,x = 0.42m/s = Aw =
(2 /T) 0.054m. The period of the harmonic motion follows,

B 27 -0.054 m

T = 042m)s =0.79s.

We find the time to reach the bottom of the bowl: ¢t =7/4 = 0.20s.
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the block mg, the tension in the rope T, and the support from the cone Tj.

Problem 1.29: The forces are the weight of the board Mg, the weight of |T I Ts
Newton’s second law for the board yields:

Y F,=T+T,—mg—Mg=0. mg

M
We choose the support as the axis of rotation. We use d for the distance 9

between the position of the block and the cone. Then torque follows
ZT:mg-d—i—Mg-1.5m—T-3.5m:O.
We find d; = 2.5m (de = 2.0m) for 7} = 27.4N (T, = 15.7N). The torque equation yields

mg-25m+ Mg-1.5m—274N-3.5m = 0,
mg-20m+ Mg-1.om—15.7N-3.5m = 0.

We subtract the two equations from each other:
mg-(2.5m—2.0m) — (274N —15.7N) -3.5m = 0,
and solve for the weight of the block on the board:

(274N —15.7N) - 3.5m
2.0m—2.0m

so that the mass of the block follows m = 8.4 kg.

— 819N,

mg =

Problem 1.30: Before the squirt, the total moment of the squid and the water is zero P, =
0. After the squirt, the velocity of the water follows v, = —3.0m/s, i.e., the water moves
towards the “left.” We use the conservation of linear momentum: P, = 0 = my vy + Mvg,
O Vsquid = _mWUW/MS7

0.1kg- (—3.0m/s)
0.4kg

m
Usquid = — =0.75 g

We now consider only the squid as the system. The change in the linear momentum of the
squid follows APysquia = Msvs,

K
AP,iq = 0.4kg - 0.75% —03 %.

The change of momentum is equal to the impulse Jyquia = APsqua = 0.3kgm/s. The

(average) force exerted by the water on the squid then follows from the impulse J = FAt

so that Fuye = Jsquia/At

0.3kgm/s
0.5s

Here, F,,. > 0 implies that the force on the squid acts towards the “right.”

Fove = = 0.6 N.

Problem 1.31: The elastic potential energy of the spring is given by PEy = kz?/2,

1__ N
PEq = 5750 — - (6.0 x 10 m)® = 1.35J.
m
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This energy is transformed into kinetic energy of the block: 1.35J = mwv?/2 or

The work done by the friction force is W, = —fird = —1.35J. The friction force follows

fk = _Wnc/da
—1.35J

Je=- 0.7m

The normal force is equal to the weight of the block Fiy = mg = 0.5kg - 9.8 m/s.2 =49N.
Since fr = upFy, we find the coefficient of kinetic friction py = fi/Fy,

=1.93N.

1.93N
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Problem 1.32: Since Emmy and the dumbell are initially at the center of the (uniform)
boat, the center of mass is at the center of the boat,

3.2
TCoM = Tm = 1.6m.

The total mass Mo = 310 kg + 10 kg = 320 kg, so that
Miotal Toom = 320kg - 1.6 m = 496 kg m.

We use d; = 5.0cm = 0.05m. Since the center of mass is fixed, we find
3.2 3.2
[(mp +mp) + 10kg] Tm = (mg +mp) - (Tm +0.05 m) +10.0kg - 0.05m.

We obtain (mg + mp) - 1.6m + 16.0kgm = (mg + mp) - 1.65m + 0.5 kgm so that (mg +
mp)-0.05m = 15.5kgm. We thus find the sum of the mass of Emmy and the board:

15.5kgm

When both Emmy and the dumbbell are at the stern, the boat has moved d; + dy = 0.26 m,
we find

496kgm = (10kg+ mpg)-0.26m + (310kg — mg) - (1.6 m + 0.26 m)
= 2.6kgm+ 576.6kgm — mpg - 1.6 m.

We solve for the mass of Emmy:

~ 576.6kg m + 2.6kgm — 496 kg m

— 52.0ke.
1.6m &

meg

The mass of the boat then follows mp = (mg + mp) — mg,

mp = 310kg — 52 kg = 258 kg.

Problem 1.33: The block undergoes simple harmonic motion. The block is in the equi-
librium position at the time ¢ = 0, and is at the turning point at t = 0.52s. We conclude
that 0.52 s is a quarter of the period so that 7" = 4 -0.52s = 2.08s. Since the period
is determined by the spring constant and the (total) mass M + m. We find the period

T = 2r\/(M +m)/k, we find M +m = k (T/2x)*,

2.08s
T

N 2
M+m:13.0—-( ) = 1.42kg.
m

The mass of the clay follows m = 1.42kg — 1.1kg = 0.32kg. The elastic potential energy of
the compressed spring is given by PEgying = kd?/2,

1 . N
PEpring = 5 13.0 — (0.067m)* = 2.9 x 1072J.
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Because the spring is completely relaxed at the initial time ¢t = 0, the elastic energy of the
spring is equal to the kinetic energy of the (block and clay) when the block plus clay start
to move: PEgine = KE; = (M +m)v}/2, or vg = \/2 PEgying /(M + m),

_ [229x102) o om
= 142kg s

We describe the impact of the clay with the block as an inelastic collision. We use the
conservation of linear momentum 1.42kg-0.2m/s = 0.32kg - v, or

~ 1.42kg
©0.32kg

m m
02— =0.89 —.
s s

Problem 1.34: The total mechanical energy of the ring is equal to potential energy Ey e, =
PE; = mgH,
Funeen = 0.12kg - 9.8 2 - 1.54m = 1.81].
S

The potential energy of the ring near the top of the ring is PE; = mg 2R,
m
PE; =0.12kg-9.8 — - 0.84m = 0.99 J.
s

We use the conservation of mechanical energy Ene., = KEf + PEyf, and find the kinetic
energy of the ring at the top of the loop: KEf = Epecn — PEy,

KE; =181J-0.99J = 0.82J.

The kinetic energy of the ring is [translation and rotation] KE = mv?/2 + Iw?/2. We insert
the moment of inertia of the ring I = mr? and use the condition of rolling without slipping
w = v/r, and obtain KE = mv?/2 + (mr?) - (v/r)?/2, or KE = mv?. We solve for the linear

speed of the ring near the top: v, = \/KEs/m,

Viop = — 2,61 %

The forces acting on the ring are the normal force Fy from the track [downward] and the
weight of the ring mg. Since the ring undergoes circular motion the acceleration is a, = UJ% /R,
so that Newton’s second law for the ring yields, Fiy + mg = ma = mv]% /R, We thus get for
the normal force exerted by the track: Fiy =m [’UJ% /R — g},

(2.61m/s)?

Fy =0.12kg - < B

~938 92) — 0.76N.
S

Because Fiy > 0, the ring stays on the track.
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Problem 1.35: The final angular velocity is given by wy = 41.3rad/s so that the angular
acceleration: o = Aw/At,

41.3rad/s rad
= —— =06.5—.
6.3 52
he angular displacement is given by Af = at?/2,
1 d
A =365 2 (6.35)% = 129.0ad.
S

This is about 20.7 revolutions. Since the wheel rolls without slipping, we find the distance
along the incline from the arc length: s = RA6,

s=0.23m-129.2rad = 29.7m.

Since s = at?/2, we find the linear acceleration:

23_2-29.7m_15m
2 (6.3s)2 8%

a =
The moment of inertia of the wheel is I = mR?,
I =12kg-(0.23m)* = 0.063 kg m?.

The torque about the axis on the wheel follows 7 = I,
9 rad
7= 0.063kgm” - 6.5 — = 0.41 Nm.
S

The torque is produced by the static friction between the wheel and the incline: 7 = f,R,
so that the static friction follows fs = 7/R, or

~ 0.41Nm

. = = 1.78 N.
/ 0.23m &

The net force on the wheel along the incline is F,¢; = ma,

Fhet = 1.2kg - 1.5 = 178N
S

We note that f; = Fle;. The weight of the wheel is mg = 1.2kg - 9.8 m/82 = 11.8N. The
net force along the incline is equal to the component of the weight along the incline and the
static friction: F,e = mgsin¢ — fs so that

mgSin¢ = Fnet +fs = 2F‘net-
We find mgsing =2 - 1.78 N = 3.76 N We find

3.76 N
ing =" 032
Sng = 17w~ 032

so that the angle follows
¢ = 18.6°.
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Note: A common mistake us to use the expression a = gsin ¢*. Note that this expression is
only correct if the wheel slides, rather than rolls down the incline. We would find ¢* = 8.8°.
Thus, ¢ > ¢* which reflects the fact that the linear acceleration of rolling objects is less
than the acceleration of sliding objects in the absence of friction.

Problem 1.36: The forces are weight of the person mg = 735N,
the tension in the rope T', the normal force Fi.;, and the static

friction force f,. The rope makes the angle ¢ with the vertical: T
sind = (0.9m + 0.15m)/3.0m so that = 20.5°. Newton’s second fs e
law for the climber yields, wal
Y F, = Fyu —Tsin20.5° =0,
735N

Y F, = Tcos205° + f, — 735N = 0.
We choose the point of contact between feet and wall as the axis of rotation:
> 7=-735N-09m+T-1.05m-sin69.5° = 0.

We find the tension in the rope:

735N -0.9m

T = .
1.05m - sin 69.5°

=673 N.

Inserted into Newton’s second laws along the horizontal gives the normal force exerted by
the wall:
Foan = 673N - 5in 20.5° = 236 N,

and Newton’s second law along the vertical gives the static friction:
fs =735 N — 673N - cos 20.5° = 105 N.

The torque equation follows: 7" cos® = 661.5Nm/1.05m = 630N. We set fs = fomax =
0.63 - Fyan. Thus 630N + 0.63 Fyan — 735N = 0, or Fyap = (735N — 630N)/0.63 = 166.7 N.
Since Fyan — T"sin® = 0, we get Fyan = T"sinf = (630N/ cosf’)sinf’ = 630 N tan’. We
obtain

166.7N
tan @’ = = 0.265
o 630 N ’
so that the angle follows 6’ = 14.8°. We find the mimimum length of the rope,
1.05m
L> Ly = nIis 4.1m.

Problem 1.37: We find the angular speed of the person in phase 1: w; = 27/T =
2rrad/(2.2s) = 2.86rad/s. We then find the angular momentum of the person: L = [jwy:

d kg m?
L= 2.86% 14.6kgm? = 41.8 g:l :
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and the rotational kinetic energy: KE,o 1 = Lw}/2,

1 d\?
KEizo = 5 14.6kgm? - (2.86 %) —59.7J.

Since there is no torque acting on the center of mass of the person, the angular momentum
is conserved so that L = Ihws, or wy = L/1

41.8kgm?/s rad
w2 6.9 kg m? 0 s

The period follows Ty = 27/ws = (2mrad)/(6.1rad/s) = 1.03s. The rotational kinetic
energy of the person at the highest point: KEg o = Iow3/2, or

1 9 rad ) ?
KEQ’rOt = 569 kgm -16.1 ? =128.4J.

We use work-kinetic energy theorem to find the work done as the person goes from phase 1
to phase 2: W = KEg ot — KEj 1ot

W =1284J—59.7] = 68.7 J.

This work is done by the muscles [mostly in arms and legs| of the person. Note that the
muscles force is considered external.
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Problem 1.38: We find the displacement of the projectile Ay = v.y.t,
Ay=—682 1445 = —97.9m,
s

Since the projectile travels from the top of the tower to the ground, we find the height of
the tower H = 97.9m. The distance traveled by the rocket:

D=3122 1445 = 449.3m.
S

Since D = H + 2h, we find for the maximum height of the projectile above the top of the
tower h = (D — H)/2,
449.3m — 97.9m

h = 5 = 175.7m.
Since the vertical speed at the highest point is zero v = 0, we find the launch speed from
the maximum height above launch v = 2gh, or vy = \/2gh,

Vo= 1/2-9.82 . 175.7m = 58.7 .
s2 S

Problem 1.39: The forces on the two masses are the weights T1/4 T, Fro
m1g = 6.9N and msyg = 8.8 N, the tensions in the rope T} and T,
and the normal forces, Fiy; and Fys. Since mygsinf; = 4.8N and
mygcost; = 5.5N, Newton’s second law for the block my:
T T,
> F, =48N-T, =07kg-a,

Y F, = Fy1 - 55N =0.

m1g=6.9 N mg=8.8N

Since mogsinfy = 1.5 N and mog cosfy = 8.7 N, Newton’s second law for block my follows,
> F, =T,-15N=09kg-a
Y F, = Fy»— 87N =0.

The equation of the torque of the pulley yields:

ZT: (Ty — Ty)r = Ia.

Since the pulley rotates without slipping, the angular acceleration is given by a@ = a/r. We
then find, T} — Ty = (I/7?)a,

3.2 x 10~ kgm?

T, — T, =
T (23 %102 m)?

-a=0.60kg - a.

We write the tension 75 in terms of Ti: T, = T} — 0.6 kg - a, Inserted in the equations for
the two blocks:

48N —T, = 0.7kg - a,
T, — 0.6kg-a— 15N = 0.9kg - a.
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We eliminate 77 by adding the two equations: 4.8 N — 1.53N = (0.7kg + 0.9kg + 0.6 kg) - a,

or 3.3N = 2.2kg - a, so that the acceleration follows

We find the tensions in the two ropes:

T, = 48N —0.7kg - 1.5 = = 3.7N,
S

Ty = L5N+09kg- 1.5 = 2.9N.
S
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Problem 1.40: The forces are the weight mg = 7.2kg - 9.8 m/s2 = T70.6 N,
the horizontal and vertical components of the tension in the rope, T, and
T,, the normal force Fly, and the kinetic friction, f; = puxFn. Newton’s
second law for plank along the horizontal and vertical is given by,

Y Fo=T,— fi =0,
Y F, = T,+ Fy—T0.6N =0.

We choose the the top end of the plank as the axis of rotation.
Since 70.6 N - (5.2m/2) - cos 41° = 138.5 Nm is the torque produced
by the weight of the table, we find Mg=70.6 N

Zr =1385Nm — Fy -5.2m - cos41° — f, - 5.2m - sin41° = 0

Since the plank is dragged along the ground, the kinetic friction is given by f, = 0.63 Fly,
we find for the torque: > 7 = 138.5Nm — Fy - 3.9m — Fyy - 2.2m = 0 so that the normal

force follows
138.5 Nm

T 39m+22m
Inserted into the sum of the forces along the horizontal,

. — 22.7N.

T, =0.63-227N =14.3N

and along the vertical,
T,=706N—227N =479N.

We find the magnitude of the tension in the rope: T'= /T2 + 17, or

T = /(14.3N)2 4 (47.9N)2 = 50.0N,

and the angle of the rope with espect to the horizontal: tan¢ = T, /T, = 47.9N/14.3N =
3.34
¢ = tan"'3.34 = 73.4°.

Problem 1.41: The block has the weight mg = 4.2kg - 9.8 m/s2 = 41.2N. Because the
block is at the center, the forces exterted by the two springs must be equal:

41.2N

Thus the spring constants are

20.6 N N 20.6 N N
0.042m 0.5 m’ " 0.025m 820.0 m

1 =

When the springs are compressed equally y; = v, = yo then F//F! = (kwyo)/(kryo) = ki/kr,

F/  4905N/m 0.6
F/ 8200N/m
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We find F] = 0.6 - F) so that 41.2N = F/ + F/ = 0.6 F] + F| = 1.6 F}/, so that

41.2N

and
F/=06-25.8N =154N.

We move the block to the right by the distance d from the center. We chose the axis of
rotation through the block so that the lever arms are 0.7 m =+ d:

> 7=0=154N-(0.7m+d) — 25.8N - (0.7m — d)
= 10.8 Nm — 18 1 Nm +41.2N -d
— —7.3Nm+41.2N-d

Thus we find the distance,
~ 7.3Nm

d 41.2N

= 0.18 m.

Problem 1.42: We find the the mechanical energy of the diver running on the spring board:
Frea = KE + PE = mv?/2 + mgh, or

1 2
Buear = 556 kg - (45~ ) +56kg 9.8 - 10.0m = 6.1kJ.
S S
At the highest point, the diver has only gravitational potential energy , Eiccn = mghmax SO

that the maximum height above the water follows hy.x = Epecn/myg,

6.1kJ
P = - =11.0m.
56kg - 9.8m/s

We consider “initial” when she is at the highest point and “final” when she is temporarily
at rest in the water. The total vertical displacement of the diver is Ay = —12.75m. The
work by the gravitational force from the highest to the lowest point follows from the change
in the gravitational potential energy: W, = —mgAy

W, = —56kg- 9.8 - (—12.75m) = 7.0kJ.
S

Since v; = vy = 0, the total work done is zero AKE = W, 4+ Wyater = 0, or Wiater = =W,

Wyater = —7.0kJ.

We calculate the work done by the water Water = — fwater - d SO that the force exerted by
the water on the diver is given by fyater = Wyater/d

(—7.0kJ)

= 4.0kN.
1.75m

fwater = -

That’s a force of about 800 lbs. Since fyater > 0, the force is directed upwards.
Note: the force exterted by the water on the diver fyaier 1S analogous to the normal force

[“ground reaction force”] exerted by the surface on an object during impact.
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Problem 1.43: We find the position of the block at ¢ = 0: (0) = —0.5m and the position
at time t = 2.4s: (2.4 s) = —0.1m so that the velocity follows:

—0.1m — (—0.5m)
Vave =
2.4s

m
=0.25 —.
s

The total distance traveled during the time interval: d = 0.5m + 0.5m 4+ 0.6 m = 1.6 m so

that
1.6m

2.4s

The block is at turning points at times ¢ = 0 and ¢ = 1.6s. Since the time between turining
points is half of the period, we conclude T' = 3.2s The angualr speed follows: w = 27 /T,

average speed = = 0.67 g
s

2 rad
w —

T 32s s
The amplitude of the oscillatory motion is A = 0.5m. The maximum speed is given by
Umax = WAu

rad

Vo = 2.1 2 0 5m = 1.1 2.
S S

The block travels at the maximum instantaneous velocity at the equilibrium position z(t*) =
0. The time follows ¢, ~ 0.8s. We find the spring constant k = mw?,

4\’ N
k=0.75kg (2.1%) — 33—

m

1"
Problem 1.44: The angle of the cable with respect to the horizontal 0
is tanf = (1.4m)/(0.7m) = 2 so that § = 63.4°. We find the weight F. ﬁ
of the table W = Mg = 33.3 N; the forces from the leg F}, and F, —]
and the tension on the cable T. Newton’s second law yields, \
Y F, = F—Tcos63.4° =0, !
YW=33.3N

> F, = —Tsin634°+ F, - 333N =0.

We choose the point of contact of the leg with the board as the axis of rotation. Then
33.3N - 0.25m = 8.3 Nm is the torque produced by the weight of board. We find

ZT —83Nm — 7 -0.35m sin 63.4° = 0.

Since 0.35m - sin 63.4° = 0.31 m, we obtain from the torque equation:

- 8.3 Nm

= = 26.9N.
0.31m
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Problem 1.45: We calculate the moment of inertia: I = 2mR2,
I=2-045kg- (0.3m)* = 0.081kgm?.

The angular displacement is Al = s/r = 8.6cm/5.0cm = 1.72rad. We use equations for
(rotational) kinematics: Af = at?/2 so that the angular acceleration follows a = 2A60/t?,

a_2~1.72rad_84@
~ (0.648)2 T 27

We find the torque from the rotational equation of motion: 7 = I« so that

d
™= 0.081kgm? - 84— = 0.68Nm.

We thus find the tension 7' = 7/7,

 0.68Nm

T = = 13.6 N.
0.05m
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Problem 1.46: We use L (d) for the distance between A and B (B and C). We then find

L+d

17.0 2 . 14.75 = 250.0m,
S

L—d =932 147s=136.7m.
S

We add and subtract the two equations and find

I _ 250.0m—;—136.7m —103.4m,
250.0m — 136.7m

d = 5 = 56.7m.

We obtain for times tyg = L/vap and tge = d/vpc, where vpe = vap/2. Since tap+tpc =

14.7s, we find

193.4m 56.7m 193.4m 2-56.7m
VAB UBC VAB VAB

We obtain the speed from A to B,

193.4m 4+ 2-56.7m
14.7s

m
VAB — = 20.9 g,

and the speed from B to C, vpc = vap/2 = 10.4m/s.

Problem 1.47: We use vy for the velocity of the projectile as it passes byt your window
and t; for the time of the projectile to travel from the window to the highest point. Because
the vertical velocity of the projectile at the highest peak is zero v = vy — gt; = 0 so that
the speed when the projecile passes by the window: vy = gty,

m m
vw = 9.8 —=-2.1s=20.6 —.
2 S

The height of the peak above the window: h, = gt?/2,

1
hy = 59.8;—2 - (2.15)? = 21.6m.

The time from reaching the peak to falling into the river: At =t;—t; = 11.8s—2.1s =9.7s.
We thus find the height of the peak above the river: H, = g(At)?/2,

1 2
Hy=398 (9.7%) — 461.0m.

We find the height of the window above the river: Hy = H, — h,,

Hy =461.0m — 21.6 m = 439.4m.
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Problem 1.48: We use y = 0 at the table. Since the center-of-mass of the pencil is at the
center of the pencil, we find the initial potential energy: Epec, = mgL/2,

m 0.16m

Eeen = 0.008kg - 9.8 - =6.3x107%J.
s 2

We calculate the final gravitational potential energy: PE' = mg(L/2) cos 30°,

m 0.16m

PE' = 0.008kg - 9.8 -
s

cos30° =5.5x 1073 ]

We use conservation of mechanical energy: En.q, = PE' 4+ KE so that the rotational kinetic
energy of the pencil is KE = PE — PE' = 6.3 x 1072J — 5.5 x 1073J = 8.0 x 10~*J. Since
the kinetic energy is given by KE = I w]% /2, we find the angular speed w; = /2 - KE/I,

6.8 x 10 kg m? =49

\/2 (6.3 % 1073J — 5.5 x 10-3J) rad
U.)f =

Note: The pencil slips at a certain angle away from the vertical, when the coefficient of
friction is less than a critical angle.

I B Sweden
I B Sverige

LiNnkoping University -
iNnNovative, Nignly rankeg,
European

Interested in Computer Science? Kick-start your career
with an English-taught master’s degree.

—>  Click here!

LINKOPING
II.“ UNIVERSITY

126

Click on the ad to read more

Download free eBooks at bookboon.com


http://s.bookboon.com/liu

Problem 1.49: Because v = 0 at the highest point, we find the maximum height when
Harry juggles two balls: Hy = g(At)?/2

1 m 9
Hy = 5 9.8 2 (0.355)” = 0.60 m.

We find the launch speed when two balls are juggled: vy = gAt
vy = 9.8 -0.355 = 3.4 —.
s s

When one ball is in his hands at y = 0, then the other two must be at the same height y = h
[which is not the maximum height]. Because free fall is “symmetric” around the peak, the
time to reach the heighest point is At' = (3/2)At,

3
At = 3 0.35s = 0.525s
We obtain the maximum height of the balls when three balls are juggled: Hs = g (At )2 /2,
1 m

Hy = 5 9.8— (0.525 s)” = 1.35m.
S

That is, the mazimum height more than doubles! Since Hz = (v3)?/2g, we find the speed of
the ball when juggling three balls: v3 = \/2gH3:

vg = \/2 19.80 - 1.35m = 5.1 =,
S S
The height of the two balls in air follows: y = v3 - At — g(At)?/2 or

1
y=512.0.35s— 59.8% - (0.358)? = 1.20m.
S S

Note: Our calculation shows why juggling two balls is easy but quite difficult for three balls!

Problem 1.50: We introduce the horizontal and vertical components of the tensions in the
strings T}, and T,. The net force on the object is zero:

Ty, = 28N -cosH2” =17.2N,

Ty, = 28N -sin52° =22.1N.

We find T, ), = —17.2N = —T} - cos 22° so that

T, — 17.2N
cos 22°

The vertical component follows 15, = 18.6N -sin22° = 7.0N. Thus, we find the weight
W = Tl,v + T2,v

= 18.6 N.

W =22IN+70N=29.1N.

We find W' = 29.1N+ 12.0N = 41.1 N. The two equations for unknown tensions 7] and 7}
follow:

0.617, —0.93T, = 0
0.797T] +0.37T, = 41.1N.
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From the first equation: 73 = (0.61/0.93)7] = 0.6677. Thus
0.79T7 + 0.37 - 0.66 T/ = 1.03T = 41.1N,

so that for the tension 77,

41.1N
T = """ —397N
! 1.03 ’

and for the tension 77,
Ty = 0.66 - 39.7N = 26.2N.

Problem 1.51: When the block passes through vertical, the forces on the bob are the
tension 7' = 23.1 N and the weight mg = 0.7kg - 9.8 m/s2 = 6.9N. Thus, the net force on
the bob follows:

Foet =11.3N —6.9N =4.4N.

Since the bob undergoes circular motion, the acceleration of the bob follows a, = v2, /I.
Thus, Newton’s second law for the bob yields: Flo = ma, = mv? /l. We find the speed

Umax When the bob passes through the vertical v = \/ Foel/m,

—_ 091m-44N _ 94 E
0.7kg S

We use the coordinate = (y) along the horizontal (vertical). The components of the velocity
when the bob is released, v,; = 0 and v,; = 0, and when it swings through the vertical,
Vg f = —Umax = —2.4m/s and v, y = 0. We find the impulse along the vertical J, = mAuv, =
0 and along the horizontal J, = mAuv,,

kgm

J, = 0.7kg - (—2.4 ?) = —17-2%,

The time to reach the vertical is a quarter of the period ¢t = T'/4 = (27/4)\/l/ g,

The average force acting on the bob follows F v = J,/At,

—1.7kgm/s
Fa:ave: —:—35N,
’ 0.48s

and F, 5w = 0.

Problem 1.52: Potential energy is converted into kinetic energy when the egg falls to the

ground: mgh = mv?/2 so that v = \/2gh = \/2 .9.8m/s”-4.7m = 9.6m/s. Thus for the
momentum whenright before the egg hits the ground p = mu,

K
p=0.057kg-9.6 = = 0.55 22
S S
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We now consider the ‘collison’ of the egg with the ground. The initial momentum is given
by p; = 0.55kg - m/s. Since the egg comes to a full stop, p; = 0. We find the net force form
the change in momentum: Fpo = Ap/At,

0—0.55kgm/s

Fnet
0.020s

= —27.5N.

We find the “ground reaction force,” Fiet = Fyrounda + Mg so that
m
Fyrouna = —27.5N — 0.057kg - 9.8 — = —28.0N.
s

Here, the negative sign means that the force is directed upwards. We calculate the inden-
tation from the work done by the ground reaction force. We find the initial kinetic energy
KE; = (0.057kg - (9.6 m/s)*? = 2.6 J. Since the KE; = 0, we find the work done by the net
force from the work - kinetic energy theorem: W = AKE = KE;—KE; =0-2.6J = -2.6J.
Work is done while the package is compressed: W = F,Ay. We solve for the compression
Ay = W/Fnet>

—2.6J

or about Ay = 9cm.
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Problem 1.53: We use y = 0 at the height of the table, so that the total mechanical energy
of the system is Eyech0 = KEg + PEg = 0. Then the vertical displacement is y = —0.36 m,
and the change in potential energy follows:

APE = —1.7kg - 9.8?2 0.31m = —5.2J.

Since my + mg = 2.3kg + 1.7kg = 4.0 kg, the conservation of mechanical energy then yields
for the speed v: Epeen = 0 = —5.2J + 4.0kgv?/2, so that the speed follows

2.5.2
v = 02 g™
4.0kg S

Forces on block m; are weight (vertical), normal force (vertical), and tension (horizontal).
Since the displacement of the block is along the horizontal, the weight and normal forces
do zero work. The work by the tension follows from the work-kinetic energy theorem:
Wry = AKE;,

23kg<

Wiy = 1.61 —) ~3.0J.

Forces are the weight and the tension. We now consider the hanging block only. The work
done by the weight is given by W, , = —APE,

Wyo = —(—=5.2]) =521,

Since AKEy = W, 4+ Wr 4, we find the work done by the tension, Wy o = AKEy — W, 5,

Wip = =52 (1 61 —) ~52)=-3.0J.

Note that Wr; = —Wrs. Since |Wr| = T'd, we find the tension in the string: 7' = |Wr|/d,

3.0J
0.31m

T =

=9.7N.

Problem 1.54: We write the sum of the forces: Y F, = Fiy —22.5N = 0 so that
Fn = 22.5N. The maximum friction follows fs max = ptsFnv = 0.13-22.5N = 2.9N.

Newton’s second law for the spool along the horizontal: Fu

Y F,=F-f=23kg-a

and Newton’s second for the rotation about the center: fs
ZT = f,-0.06m = 0.0054kgm? - o

The angular acceleration follows o = > 7/I. Because the spool rolls without slipping, the
linear acceleration follows a = ar so that
29 N-(0.06m)? m

0.0054kgm? " g2’
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and the pull force follows
F=29N+23kg-1.95 = 7.3N.
s

We now pull on the inner cylinder. We find the sum of the forces along the horizontal
Y F, =F'+ f, = 2.3kg - a. Since the maximum friction force is the same as above,
Newton’s second law yields

> F,=F +29N=23kg-a
and Newton’s second law for the rotation about the center:
> 7 =F-0.048m— f,-0.06m = 0.0054kgm® - o Mg
Since 0.0054kgm?/(0.06 m)? = 1.5kg. We obtain F” (0.048 m/0.06 m) —2.9N = 1.5kg - a so

that
0.8F —29N =15kga

We add the two equations: 1.8 F" = 3.8kg - a so that the linear acceleration follows a =
1.8 F"/3.8kg and F' +2.9N = 2.3kg - (1.8 F'/3.8kg) = 1.09 F'. We find the maximum pull

29N
F'= —— =322N.
0.09
The corresponding acceleration follows
1.8-32.2N
_ L8 522N am
3.8kg s?

Problem 1.55: Since w = 27/T, we find the angular frequency from the period, w =
2rrad/1.2s = 5.2rad/s. The initial speed of the block is equal to the maximumum speed
whne it passes through the equilibrium position. Because the maximum speed is determined
by the amplitude and angular frequency, we find vy = vy = WA,

A 52id 015m—078—

When the clay is on the block the perlod is longer w = 27T/T’ = 27rrad/1 4s = 4.5rad/s.
Then for the ratio: (w/w')*> = (5.2Hz/4.5Hz)* = 1.33. Since (w/w')* = (k/m)/(k/[m +
M)) = (m+ M)/m, we find

M
1.33=1+—.
m
We find the mass of clay
M =0.33-1.5kg = 0.5ke.

Linear momentum is conserved when the piece of clay with mass M falls on top of block m
so that MUmax = (M +m)vl,,.. We solve for the maximum speed of the block with the clay
on top: vl .. = (m/[m + M])vmax,

1.5kg

P =258 g8 =, 58 —
Vmax = 5 Okg s
We now use v/, = w'A" so that A" =], /'
0.58m/s
= —— 1 =0.13m.
4.5rad/s o
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Problem 1.56: We draw the free body-diagram for the box.
We choose a coordinate along and perpendicular to the incline. y
The components of the weight mg = 14kg - 9.8 m/s* = 137.2N f, Lx
are given by

W, = 137.2N - cos17° = 131.2 N,
W, = 137.2N -sin17° = 40.1N.

Newton’s second law for the box follows:

Y F, = —f,+40.1N =0,
> F, = Fyi+ Fyz—131.2N =0.
Thus, the static friction follows
£, = 40.1N.

We choose the front leg as the axis of rotation. The torque produced by the weight of the
box follows

V/(0.26 m)2 + (0.12m)?2

Thox = 137.2N - 5

- cos (24.8° 4+ 17°) = 14.7Nm.

The total torque about the axis of rotation follows:
> 7 =—Fyz-0.26m+ 14.7Nm = 0.

The normal force on the back leg follows

14.7 Nm
Frnoy= ——— —56.4N.
N2 = oem 00

We then find the normal force on the front leg:
Fyi=131.2N - 56.4N = 74.8N.

When the block begins the slide, the static friction is equal to the maximum value fs max =
tsFn 1. We write Newton’s second law:

> F, = —0.7- Fy1 + 137.2N - sin ¢pax = 0,
Z F, = Fy1+ Fn2—137.2N - oS ¢rpax = 0.

The normal force on the front leg follows:
FN,l =196 N - sin Qbmax-
We find the torque about the front leg:

D 7= —Fy2-0.26m+ 19.64Nm - cos (24.8° + Gpax) = 0.
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Thus, the normal force on the back leg can be written in terms of the maximum angle ¢,.y:
FN’Q == 75.5 N * COS(24-8O + ¢max)
Inserted into equation for ) F, = 0:

196 N Sin ¢pax + 75.5 N c08(24.8° + ¢max) — 137.2 N €08 Ppax = 0

We use cos(24.8° 4 ¢max) = €08 24.7° COS Prax — Sin 24.8° 8in Ppax and find after some algebra

68.5N
164.3N

so that the maximum angle of the incline follows ¢, = 23°.

tan ¢y = =0.42,
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Problem 1.57: The initial angular speed of the Yo-Yo is zero wy = 0. Since the Yo-Yo rolls
without slipping, we find the final angular speed from the final linear speed: wy = v/,

0.6m/s rad
= =75—.
“I = 0.08m s
We obtain the angular displacement A0 = h/r = 0.20m/0.08m = 2.5rad. Since w? = 2aAf,
we find the angular acceleration: o = w?/2A0,

o0 =-——""—"=1125—

(7.5rad/s)? rad
2-2.5rad s

At the start, the Yo-Yo has gravitational potential energy: PE; = mgh,
PE; = 0.24kg- 9.8~ - 0.20m = 0.47J.
s

The gravitational energy is transformed into kinetic energy for both translation and rotation.
Since the translational kinetic energy is

]_ 2
KBisans = 5 0.24 ks - <0.6 E) — 0.04J,
S

the rotational kinetic energy follows: KE,.; = PE — KEi,ans,
KE,,: =047J—0.04J = 0.43 J.
Since KE,o. = I w]% /2, we find the moment of inertia [ = 2 KE,y/ w]%,

2.0.43]
I=—""" —153x10%2kem?
(7.5rad/s)? 8 sm

The torque about the center of the Yo-Yo then follows 7 = I,

d
7=153x 10 kgm® - 11.25 = = 0.17Nm.
S

The torque is produced by the tension in the string 7 = T'r so that T'= 7/r,

B 0.17Nm
©0.08m

=2.2N.

Problem 1.58: For uniform harmonic motion, the maximum acceleration is determined by
the angular frequency w and the amplitude, an.. = w?A. Since the object is dropped at the
surface of the Earth, the Earth radius is equal to the amplitude of the harmonic motion:
A = Rp. The maximum acceleration of the object is equal to the acceleration due to gravity:

Umax = ¢g- We find w = \/g/Rp,

2
. d
b 985 q-srad
6.38 x 10 m S
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The period follows T' = 27 /w,

27 rad

T = — 84.5min.
1.24 x 10-3 rad/s T

The time to re-appear on the other side of the Earth is half a period: t* = T'/2,
t* = 42.25 min.

For harmonic motion, the object has maximum speed when it goes through the equilibrium
position, that is, when it is at the center of the Earth for this case. The maximum speed is
determined by the amplitude and angular frequency, vy = wA = WRE,

d
o = 1.24 x 1073 22€ 6,38 x 106 m = 7.9 x 10° 2.
S S

We compare with uniform circular motion very close to the Earth surface. Since the gravi-
tational acceleration is equal to the centripetal acceleration, we find g = v2,,/Rg, so that
the orbital speed follows vomit = V9RE,

m 3 m
Vorbit = 9.8 8_2 +6.38 x 106m = 7.9 x 10 ;

This is the same as the answer in part b). We find the period of orbit:

2 - 6. 106
_ 7TRE227T 6.38 X 0m:84.5min,

T
Vorbit 7.9 x 103 m/s

so that t = T'/2 = 42.25min. This is the same result as in part a).

Note: We find the same results for the harmonic motion inside the tunnel through the
center of the Earth and the motion of a satellite close to the Earth surface. It reflects the
connection between simple harmonic motion and motion on the reference circle.

Problem 1.59: We follow the block backwards in time: we first exmine the sliding up
the incline (phase II) and then we consider the collision of bullet with the stationary block
(phase I). Phase II: We choose a coordinate system = down the incline. The net force is the
component of the weight parallel to the incline Fiep = (M +m)gsinf = 0.823kg - 9.8 m/s2 .
sin 28° = 3.8 N. The impulse follows J = F;At,

J—3.66N-4.25 — 16.1 &%
S

Since the block comes to a full stop v,y = 0 so that J = Ap = muyp — (M + m)vyg,; =
—(M + m)vn,; so that the initial speed of the block follows vy ; = —J/(M + m),

15.4kgm/s m
p= o SSIE g g T
YL, 0.823 kg s

Here, the negative sign means that the block travels up the incline. The initial velocity for
phase II is equal to the final velocity in phase I: vy; = vy = —19.3m/s. The process of the

bullet entering the block can be treated as an inelastic collision. Thus, the conservation of
linear momentum yields mV = (M + m)vr s, or V = ([M + m]/m)vy ¢,
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0.823 kg m m
=——=.(-193—) = —691 —.
v 0.023kg ( 93 s) 69 S

We obtain the initial kinetic energy: KEj; = mV?/2
1
KEy,; = ;0.023kg - (644 )2 = 549k,
s

and the final kinetic energy: KE;; = (M + m)v?/2,

1 2
KBi; = 5 0.823ks (193 ?) = 0.15kJ.

The dissipated energy: E,. = —Wy,. = KE;; — KEj ¢,
E..=549kJ —0.15k]J = 5.34kJ,

and the fraction of energy lost:

By 5.34KkJ
~ KEp; 5.49kJ

X =0.97,

or about 97%.

B

UPPSALA Masters Degree in Bioinformatics

UNIVERSITET

Develop the tools we need for Life Science

Bioinformatics is the
exciting field where biology,
computer science, and
mathematics meet.

We solve problems from
biology and medicine using
methods and tools from
computer science and
mathematics.

Read more about this and our other international masters degree programmes at www.uu.se/master

136

Click on the ad to read more

Download free eBooks at bookboon.com


http://www.uu.se/master

Problem 1.60: Newton’s second law for the two blocks yields:

Y Fy=Fyi-mg=0, Y F,=T=ma,
ZFy:FN’Q—mgg:O, ZFJCZT,—T:TTLQGQ.

We find the centripetal acceleration of the outer block: as = Tyax/ma,

40N
4.0 1232

T 1.75kg s

Q2

Since the block undergo uniform circular motion, the acceration a, depends on the speed of
the block my and the radius Ly + Lo: as = v3/(Ly + L), so that vy = \/as(Ly + Ly),

vy = \/42.33 (1.6m+ 0.4m) = 9.2 %

The period is the same for the two blocks. Since the period is given by T' = 27L, /v, =
27T(L1 -+ LQ)/’UQ, we find v = (Ll/[Ll + LQ])U27

1.6m m m
U T mrodm 2 s -
The acceleration of the block m; follows a; = vi/Ly,
~ (T4m/s)® m
a; = T6m =33.8 =

Newton’s second law for m; shows T" — Ty ax = myaq, or 1" = Ty + myaq,

T' = 740N + L.75kg - 33.8 0 = 133.3N.
S

Problem 1.61: The forces acting on the box are the weight
mg = 15.3kg - 9.8 m/s2 = 150.0 N , the normal force Fy,
and the static friction f,. We write Newton’s second law for the box:

Y F = fi=153kg-a, —
> F, = Fy —150.0N = 0.

mg

We thus find the normal force Fiy = 150 N. We choose the center of the box as the axis of
rotation. The torque produced by the normal force follows 7y = 150 N-0.73 m/2 = 54.8 Nm.
We write the torque about the center of mass of the box:

3.2
Sr= _2““ — 54.8Nm = 0.
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We find the static friction force: f; = 54.8 Nm/1.6m = 34.2N, and then obtain the maxi-
mum acceleration: a = fs/m,

Since fs < fimax = psFn, we find the condition for the coefficient of static friction:

342N

= 0.228.
150.0N 0228

s >

Problem 1.62: We find the period of the satellite T' = 24 h = 86,400s. Then the angular
frequency follows w = 27 /T = 3.03 x 1075s7!. We express the universial gravitational
constant in terms of more familiar quantities. The gravitational acceleration on the Earth’s
surface is determined by the Earth’s mass and radius ¢ = GMg/R% so that G = gR% /M.
We then write for the gravitational acceleration at the radius R:

GMy  (Re\®>
72 —g(R) =w'R

so that R = (gR% /w?)'?,

. (9.8 m/s?-6.38 x 105m

1
— 351,000 k.
(3.03 x 10-65-1)2 ) T

That’s about 345,000 km from the Earth surface; or about 10% of the distance to the Moon.
When R = Rp, we write the acceleration due to gravity g = Q?*Rpg, or Q = \/g/Rg,

2
Qo) 28m/s o 10t
6.38 x 10°m

We find the period of the satellite: Tiutenite = 27/ ~ 5070s ~ 85 min. If we ignore the
rotation of the Earth, the satellite would orbit the Earth about 18 times every day.

Problem 1.63: The speed of the water as it leaves the gun is given by vgun = V29 Hmax;

m
Ugun = /2 9.8 ol 30.5m = 24.5m/s.

The total mass of the system (Harry, all the water and the cart) is M = 68.45kg]. Initially
everything is at rest so that from the conservation of momentum:

0=—0.35kg-24.5 ? +(68.45kg — 0.35kg) - v

Since 0.35kg - 24.5m/s = 8.58 kgm/s, we find the velocity after the first squirt:
_ 8.58kgm/s

v = — 0132,

68.1kg S
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We repeat for the second squirt of the gun:
m m
68.1kg-0.13 — = —0.35kg - 24.5 — + (68.1 kg — 0.35 kg) vs.
S s

Thus the velocity after the second squirt:

~ 2-858kgm/s

m
Vg = =0.25 —.

67.75 kg S

We obtain the same result whether we squirt 0.35 kg twice or 2 - 0.35 kg = 0.70 kg at once.
The number of squirts is N = 15.05kg/0.35 kg = 43. We empty the water tank all at once:

0= —15.05kg - 20.5 — + (45.0kg + 8.4kg) va3.
S

Thus the velocity after 43 squirts:

15.05kg. as® o ™

s = 53.4kg s s

Note that vy3 > 43 v;. The necessary time follows

At = 4—360822158.
12

We calculate the total work done on the ‘Harry+cart’ from the change in kinetic energy,
Wtotal = AKE?

1 2
Wiota = 5 (45 kg + 8.4kg) - (6.9 %) —1271J

The average power follows P = Wioa/At,

Note: There are other possible values of power since it is not constant.

Problem 1.64: The tower is the peak of the trajectory. The vertical displacement when
the ball just clears the wall: Ay =5.9m—7.3m = —1.4m. Since the ball is in free-fall along
the vertical, we find Ay = —gt2 /2. The time to reach the wall follows: ty = \/—2Ay/g,

2. (—=1.4m)
ty =4 )- " = 0.53s.
9.8m/s

The horizontal displacement between tower and the wall is Az = 2.4m = vyt,, so that for
the minimum launch speed: vy, = Ax/ty,

2.5m m
min — == 47—
v 0.53s S

Download free eBooks at bookboon.com



Problems for Algebra-Based College

Physics | & II: including Hints and Solutions Mechanical Systems

The total time to hit the ground from the launch follows from the height of the tower
Aypoy = —7.3m. The total vertical displacement follows Ay = —7.3m = —gté /2 so that

the time to hit the ground follows: t; = \/—2Ay0t/9,

2+ (=73m)
9.8m/s”

t, = = 1.22s.

Thus the time from the wall to the ground: At =t, —t, = 1.225 — 0.53s = 0.69s. The
balls falls at the shortest distance D behind the wall: D, = v At,

Do =472 .0.695 = 3.24m.
S
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Problem 1.65: We use the principle of conservation of energy. Initially, the block is at rest
KE; = 0, and we have only gravitational potential energy PE = mgh,

PE; = 4.3kg - 9.88521 0.24m = 10.1J.

At the ground, the gravitational potential energy of the hanging block is zero: PE; = 0.
The kinetic energy of the entire system has three contributions: KE = KEtransbiock +
KErans wheel + KEiot whee- Since the wheel rolls without slipping, we find the angular speed
w=uv/r,

1 1 1 TN
KE = ~43ke 0% + = 5.4ke - 02 + = 0.014k 2<—> — Z13.6ke - 0?
23gv—|—25 gv+200 gm 006m 236gv

We set PE; = KE; and find 10.1J = 13.6 kg - v?/2 so that the linear speed follows

2-10.1
po 220
13.6 kg s

The final angular speed of the wheel follows w = v/r,

1.2m/s rad
= = 20.0 —.
Y= 006m 00

The change in the rotational kinetic energy of the wheel:
1 9 rad ) ?
AKE ot wheel = 50.014 kgm” ( 20.0 — | =2.81J.
S

The work - kinetic energy theorem shows that the change in the kinetic energy AKE,, is
equal to the work done by the torque. The angular displacement of the wheel is given by
AO = h/r = 0.24m/0.06m = 4.0rad. Thus the rotational work can be written: W, =
2.8J = 7 -4.0rad so that the torque follows 7 = W, /A#f,

2.8J

T = 107ad = 0.7 Nm.

Problem 1.66: We calculate the total kinetic energy and the linear momentum after the
collision:

0.434k
KEtOt,f — g <—O4

2
K
Doty = 0.434kg - (—0.40 E) +0.366kg 1.26 = = 0.287 -2
S S S

m\2 0.366 kg
_> L

2
<1.26 9) —0.326]
S S

The change in the linear momentum of the glider m;:

K
Apy = 0.434 kg - (—0.4 M9 E) — +0.694 22
S S S
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Newton’s third law implies that the change in the momentim of the two gliders are equal
in magnitude and opposite in direction: Aps = —Ap; = —0.694kgm/s. Since Ap, =
ma(vef — vg;), we find the initial velocity of the second glider vy; = vo; = voy — Aps/mo,

0.694kgm/s
0.366 kg

vy = 1.26 2 — — 0642,
S S

We find the kinetic energy before the collision:

A34K > 0.366k 2
KE; — 32 ¢ (1202 +03626 #(~0642) = 0387

We find the change in the total energy AKE = KE; — KE;,

AKE =0.326J — 0.387J = —0.061 J,

Since kinetic energy is “lost,” AKE < 0, energy is dissipated during the collision, although
it is not completely inelastic, since the velocities of the two gliders are not the same either
before (vq; = vy;) or after the collision (vi; = vay).

Problem 1.67: We use a coordinate system for block m; such that the m mr2ike
r-axis is along the incline and the y-axis is perpendicular to the incline.

We calculate the z- and y-components of the weight W, = m,g = T
2.1kg-9.8m/s” = 20.6N. We find Wy, = 20.6N -sin35° = 11.8N and
Wi, =20.6N-cos35° = 16.9 N. We write Newton’s second law

for the block my:

mzg

> F, = 118N+ f,—T =0,
Y F, = Fy—169N=0.

For the hanging block, we choose the y along the vertical. Since Wy, = myg = 1.6kg -
9.8 m/s2 = 15.7N is the weight of the hanging block, we write Newton’s second law for the
block m:

Y F,=T-157N=0.

We find 7" = 15.7N and Fy = 16.9N. Since 11.8N + f; nax — 15.7N = 0, the maximum
static friction follows:
fsmax = 15. TN —11.8N = 3.9N.

We obtain the coefficient of static friction: ps = fsmax/Fn,

39N
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Since Wi, = 41.2N -sin35° = 23.6 N and W], = 41.2N - cos 35°
= 33.8 N, Newton’s second law for m; follows:

m,=16kg T 2’“‘”"2::‘:
d F, = 236N—f,—T' =42kg-aq, TN
> F, = Fjy — 338N =0.
157N 413N

Newton’s second law for the block my now reads:
Y F,=T -157N=16kg-a.

We find Fj, = 33.8N. We insert the acceleration a = 0.31m/s” and find the tension in the
string:

T' =15.7N + 1.6 kg - 0.318% —16.2N.

The kinetic friction force follows:

fe=237TN—-16.2N —4.2kg - 0.31 %1 =6.2N.
s

We then find the coefficient of kinetic friction: p, = fi/Fy,

62N
HE=3eN ~ %

(]
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Problem 1.68: The forces are the weights m;g and myg = 2.45N
downward and the tensions T} and T, of the ropes. Note that T} # T5,
in general. We find Newton’s second law for the higher block:

SOF, = Tysin24° — Tysin35° = my ., T T2
Z F, = Ty cos24° — T, cos 35° —myg = 0, m, \
and Newton’s second law for the lower block: \

m: g !

-

Y F, = Tysin35° = 0.25kg - a.», m.g
Y F, = Tycos35° — 245N = 0.
For the block mgy: 15 cos 35° = 2.45 N so that

245N

T, = =3.0N.
> cos35° 3.0
Since 3.0N - sin35° = 1.72 N, we find the centripetal acceleration of the lower block:
1.72N m
ey = ——— = 6.9 —.
27 0.25 kg s?

We find the radii r; = 0.68 m-sin 24° = 0.35m and 75 = 0.68 m - (sin 24° + sin 35°) = 0.84 m.
Since the centripetal acceleration of the lower block is given by a.2 = v2/ry, we find the
speed of the lower block: ve = |/, 273,

vr = /69° -0.84m =24
S S

Since vy = 271 /T, we obtain the period: T = 271y /vs,

po 2 08dm o
24m/s

Since the period is the same for both blocks, we find the centripetal acceleration of the higher
block my: ae; = (27 - 0.35m/2.25)2/0.35m = 2.9m/s>. We use 3.0N - cos 35° = 2.45N and
3.0N -sin35° = 1.72 N, and sin 24° = 0.41 and cos 24° = 0.91:

0.41-T) —1.72N = m; - 2‘93
0.91-T) — 245N = m, - 9.8 S%
We divided the equations by 0.41 and 0.91, respectively, and obtain:
Ty — 42N = my - 71—
S

Ty — 27N = m; - 10.8 5
S

We subtract the two equations from each other: 1.5N =m; - 3.7 IH/SQ, and find the mass of

the higher block:
1.5N

N 3.7m/s’

my

= 0.40 kg,
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the tension in the string connecting m; to the ceiling then follows

T, = 42N +040kg - 7.1 = 7T.0N.
S

Problem 1.69: The initial angle 6, = 45° gives the maximum range so that R = v2/g and
the initial speed follows vy = v/ Rg,

m m
Vg =4/70m-9.8 — ~ 25 —.
s2 S

The change in the ball’s momentum is Ap = mwvy ~ 1 Ns. Since the change in momentum
is equal of to the impulse J = Ap = 1Ns. We insert the force acting on the golf ball,
F =9 x10®N, and find the time of contact, At = J/F,

1 Ns

At = ——
9 x 103N

~ 0.1 ms.

This makes sense: the collision is nearly elastic so that the impact only lasts for a very short
time. The change in the ball’s kinetic energy is: AKE = mv?/2 ~ 15]. Since the change in
kinetic energy is equal to the work done by the force F', we find W = AKE = 25J. Since
W = F§, we find the distortion of the golf ball follows 6 = AKE/F,

15J

0= TX1°N

~ (.2 cm.

We calculate the ratio of the compression of the golf ball to the diameter
d/D = 0.2cm/4.2cm = 0.05 or about 5%.

Problem 1.70: We write z-coordinate at time ¢; = 0.34s: x; = 1.2m = v, ¢ - 0.34 s so that
Vp0 = 11/,

We write the y-coordinate at time ¢; = 0.34s: y; = 0.45m = v, 0-0.34s— 9.8 m/s?-(0.345)%/2
so that

0.45m 1 m m
Uy,O = g

2982 . 0345 =30
031s (27°%% >

We find the launch speed vy = 4 /02, + v,

m\ 2 m) 2 m
vo = \/(3.53 —) n (3.0 —) _ 4632
S S S

and launch angle tanfy = v, /v, 0 = (3.0m/s)/(3.53m/s) = 0.84 so that

0y = tan—'0.84 = 40.4°.
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The x- and y-coordinates at the time to = 0.53s follow,
vy = 3.53%l -0.53s = 1.87m,
m 1 m 9
ys = 3.0—-0.53s— =9.8— -(0.538)° = 0.21 m.
S 2 g2

The time to reach the peak follows from v, = 0 = 3.53m/s — 9.8 m/s” t, so that the time to
reach the peak of the trajectory follows:

We then find the coordinates of the peak:
z, = 3.53? .0.36s = 1.27m,

m 1 m 9
yp = 3.0 " -0.36s8 — 3 9.8 2 -(0.368)” = 0.44 m.

T A MASTER’S DEGREE IN UMEA!

* modern campus ¢ world cla :
* top class teachers ¢ ranked nr1 in Swe_ &

* Architecture l I I i

« Industrial Design . - -
* Science i IRESREF
o Engineeri_ _.,: N mm"“”“.i I b= R P TRY RURT B ,u.l. : 'l '.

T

‘iLn'm
il @ w |‘||-'|.l &a:“ t_!h',l' LT
| |
Download

A ig
Gl - !|'”| .lul.
brochure
here!

Master’s programmes:

& . ad

UMEA UNIVERSITY

FACULTY OF SCIENCE & TECHNOLOGY

146

Click on the ad to read more

Download free eBooks at bookboon.com


http://s.bookboon.com/umeaa

Problem 2.1: We find the heat given off by the (luke-warm) water:

Q" =0.117kg - 4186 (51°C — 35°C) = 7.8 x 10* J.

J
kg -cC
and the absorbed heat:

Q" = 0.062kg - cappie - (35° — 0°C). = 2.2kg°C - Capple-

We assume that no heat is lost and set QT = Q' so that the average specific heat of the

apple follows
7.8 x10%)
apple = —————— = 3.6 x 10° ——.
Capple = 79 O kg °C g eC
We use m,, and m, for the mass of water and cellulose in apple, respectively. Then for the
for the mass of apple:

Mapple = My + me

and the specific heat:
MappleCapple = My Cy + mece

We use the mass ratio of water ¢ = my/Mapple 50 that 1 — ¢ = m./mappie. We obtain
Capple = CWC + Cc(l - C)
so that the water content of apple follows ¢ = (capple — ¢c)/(Cw — o),

~ 3.6x10%J/(kg°C) — 1.4 x 10° J/(kg°C)

C= %10 J/(kg°C) — 1.4 x 103J/(kg°C) 078,

7

or ( = Myater/Mtotal = 78%. That is, 22% of apples is “dietary fiber.” This value agrees
with literature values [http://www2.ca.uky.edu/enri/pubs/enri129.pdf]. Such a calorimetry
experiment would be quite “tricky,” since small inaccuracies can yield different values for
the fiber content. For this reason, the water content in fruits and vegetables is determined
using buoyancy.

Problem 2.2: We calculate the volume V = Ah = 1.0 X 1072m? - 7.0 x 107 ?m = 7.0 X
10~*m?, and use the ideal gas law: nRTy = PyVy = 1.0x10° Pa-7.0x10~*m? = 70 J. We find
the internal energies of the gas inside the two compartments: U; = 2 - (5/2)nRTy = 5nRTj,

Ui =5-70J =350J.

Work is done on the gas by the piston. Since the weight is mg = 5.0 x 103N and the
displacement is s = 5.0 x 1072 m, we find the work done on the gas, W = mg - s,

W =50x10°N-5.0x 107>m = 250 N.
The internal energy of the gas increases due to work done by the piston: Uy = U; + W,

U =350J +250J = 600 J.
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The number of of molecules is fixes so that U/T = (5/2)nR = const. We thus find
350 J/300 K = 600J/T and find the temperature:
600 J

3507 300 )

We use the ideal gas law PV/T = const. Since the volume of the comparments are propor-
tional to the height of the positon V' ~ -h, we find for the ratio V/V' = h/h'. We obtain for
the tperssure in the upper and lower compartments:

Tcm bHl14K

P, = 1.0x10°P —— =10x10°P

“ 0> 107Pa 12ecm 300K 010" Fa,
Tcm Hl4K

P, = 1.0 x 10°Pa - - —— =6.0 x 10° Pa.

) 0 x 10° Pa 5em 300K 6.0 x 10° Pa

The pressure difference AP = P, — P, follows,
AP = 6.0 x 10° Pa — 1.0 x 10° Pa = 5.0 x 10° Pa.
We find the (upwards) force on the piston: F, = AP - A,
Fop=50x10°Pa-1.0 x 10 2m? = 5.0 x 10° N.

Since the piston is in mechanical equilibrium, the net force follows Fle = Fyy — mg =0
Fup = 500kg - 9.8 = 5.0 x 10°N,
s

as it should!

Note:  With some (a bit tricky!) algebra, one finds that the lower compartment is
not completely compressed even when an arbitrarily heavy block is placed on the
hanger. We use h for the initial height of the lower compartment [e.g., h = 7cm], then
Pin/h = (1 — /5/7) ~ 0.15.

Problem 2.3: We find the volume V = 7 (d/2)* h,
V=m(122x1072m)*- .75 x 107> m = 8.2 x 10~ m®,

Thus, the buoyant force is given by F, = p, Vg,

kg

F,=1,000— -82x 10 "m®- 9.8~ = 8.0 x 107 N.
m S

We useh = at?/2 so that a = 2h/t?,

2-1.5m 3.3 m
a=——-—=83—.
(0.60s)? s?
The mass of the quarter follows: m = pqV so that F,o = pVa = psVg — pwVyg, or
Pql = pqg — pwg. We obtain pq(g — a) = pyg. The average density of the quarter follows:

Po = Pw - 9/(g —a),
kg 9.8m/s” kg

=1,000 —= - = 6,530 —.
Pa m® 9.8m/s’ — 8.3m/s’ m?
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Problem 2.4: We find the pressure: on the chest P = F/A,
~ 400N
~0.09m?

The above pressure is equal to the hydrostatic pressure: P = pgh. We solve for the height:
h = P/py,

= 4.4kPa.

4.4kPa

= 3 5 = 0.45m;
1,000 kg/m” - 9.8 m/s
that is, snorkeling is limited to just below the surface!
Problem 2.5: The mass flow is given by
AV 16 x 1073 m? m?
= =38x107° —.
At 4.2 % s

The volume flow is determined by the cross section and the flow speed: AV/At = Av. The
cross section is given by A = 7(d/2)* = 3.1 x 10~*m?. Thus, v = (AV/At)/A,
3.8 x107°m?/s
~ 31x 1074 m?
We find the ratio of the two cross sections: A/A’ = (d/d')* = (2.0cm/1.6 cm)? = 1.56. Now

use the equation of continuity: Av = A’v’ and solve for the speed in the constricted part
v = (AJA)v:

m
=123 —.
S

, m m
v =156-12.3 — =19.2 —.
s s

We use Bernoulli’s equation for the horizontal pipe: P + pv?/2 = P’ + p(v')?/2, so that the
pressure in the constricted part follows P’ = P + (p/2) [v? — (v/)?]

1,000 ke /m> 2 2
P’ — 142kPA + % {(12.3 9) _ (19.2 9) } — 33kPa.
S S

Problem 2.6: We find the hydrostatic pressure of the water column inside the pipette:
Phydro - /Ogh,
kg
Piyaro = 1000 —h
We obtain P + Buyaro = P so that AP = P — F,

AP = —362 Pa.

9.8 2. 0.037 m = 362 Pa.
S

That is, there is less pressure inside the pipette. Bernoulli equation yields: P+ pa;,0?/2 = Py
so that —AP = Py— P = p,;,2v% /2. We find the air speed above the pipette: v = \/—2AP/p,

2. (~362P
v = —L?zzwf
1.29kg/m 5

Problem 2.7: The cross-sectional area of the block is A = 0.33m?. When the block swims
on water, the submerged volume is V; = 0.33m? - 0.13m = 4.26 x 10~?m?. The buoyant
force follows

kg

Fg=426x10"2m?-1.0 x 10> = -
m3

9.8 = 417N.
S
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The total volume Vioy = 0.33m? - 0.17m = 5.57 x 1072m3. Since the buoyant force is equal
to the weight of the block, we find Fg = M9 = PwoodViotg- The density of wood follows,

Pwood = FB/Wotgy
417N kg

5.57 x 102m3 - 9.8 m/s’  m®

We now dunk the block. The submerged volume is V/ = 0.33m? - 0.14m = 4.59 x 1072 m?
so that the buoyant force now is Fy = mpiocd,

Pwood =

k
Ff = 1000 —= - 4.59 x 102 m® - 9.8 = = 450 N.
m S

Thus, the necesccary external force is Fi = F; — Whiock,
Fo« =450N — 417N = 33 N.

The external force is proportional to the “dunk” distance, i.e., x = 1.0 cm. We thus find the
“spring constant:” Fuy, = kx so that k = Fey/x,

33N N
k= = 3.3 x 10° —.
0.01m m
This ‘spring’ force corresponds to an elastic energy PE = kx?/2 so that the work necessary

to dunk the wooden block can be written W = APE,

1 N
W=333x 10° — - (0.01m)? = 0.17J.

m

oA
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Problem 2.8: The absolute temperature is T’ = (3124273) K = 585 K. We find the number
of moles from the ideal gas law n = PV/RT,

158 X 10°Pa-2.0 x 103 m?

— 0.65mol.
8.3J/(mol - K) - 585K o

We obtain the mass of steam from the molar mass m = nM,

Meam = 0.65m0l - 18 2= = 11.7¢
mol

We find the heat given off by the steam as is condenses: QT = MgteamCsteam (312°C — 100°C) +
msteamLsteam + msteamcwater<1oooc - Tf) SO that

J
Q" =35.8kJ —49.0 el Ty,

and the heat absorbed by the water: Q% = myaterCyater (T — 8°C),
J
Qf =627.9 = Ty —5.0kJ.
We set QT = Q% and obtain
J J
35.8kJ —49.0 = Ty =627.9 el Ty —5.0kJ

We find the final temperature of the water

~ 358kJ+5.0Kk]
77 627.9J/°C +49.0J/°C

= 60.3°.

Problem 2.9: Atmospheric pressure is given by Py, = 1.01 x 10° Pa. We use the ideal gas
law to find the number of moles from the volume V' and temperature T: n = Py,,,V/RT,

L0l x 10°Pa- 6.7 x 1073 m?

= = (.27 mol.
" 8.3J/(mol - K) - 208K o
We find the mass of the enclosed oxygen
m=0.27mol-32 -5 —88g.
mol

The pressure at the depth h = 5.8 m is given by: Pyater = Patm + Pwatergh,

k
Puater = 1.01 X 10° Pa+ 1000 —= - 9.8 - 5.8m = 1.58 x 10° Pa.

m S

Because the temperature 7" and volume V are constant, we find the ratio V/RT =

N/ Par = Nyater/ Pwater- The number of moles when the balloon is submerged follows
Nwater = (Pwater/Patm)n:

1.58 x 10° Pa
Mwater = 707 105 pa 02! Mol = 0-42mo
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We obtain for the oxygen mass necessary to inflate the balloon when it is submerged m' =
nwaterMu

m' = 0.42mol -32 -2 = 135g.
mol

Thus, we find the mass of the added oxygen Am =m' — m,
Am =135g—-88g=4.7g.

Note that Am/m = (Pyater — Patm)/ Patm-
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Problem 2.10: We find the temperature change AT = 1°F = gOC. Since W = mg =
11b = 4.4N so that m = 0.453kg. The heat follows AQ = mcAT,

I [(5\°
AQ = 0.453kg - 4186 ——— - [ 2) C = 10541.
@ 8 kg °C <9)

Thus 1 Btu = 1054 J. The volume of the living room is V' = 150 m?®. We use the ideal gas
law to calculate the number of moles of air in the living room, n = PV/RT,

1.01 x 10° Pa - 150 m?
"7 T83T/(kgK) 285K oM

The mass follows from the molar mass myg = nM,

K
Mg = 29 x 1075 =& . 6,405 mol = 185.7ke
mol

The temperature difference in the living room: AT = 7°C. Thus, the heat to raise the
temperature inside the living room, AQrr = myrcAT),

J

AQrr = 180kg - 780 Tk 7°C =9.8 x 10°J = 0.98 MJ,
g

or about 932 Btu.

Problem 2.11: Since heat is a form of energy (or work), the heat follows from the power

and the time: Q = Pt,
Q =1500W - 60s = 9.0 x 10" J.

Since AT = 25°C, we find the mass of air that is replaced during one minute: Am = Q/cAt,

B 9.0 x 10*J
7807 /(kg °C) - 25°C

Am = 4.6kg.

We obtain the fraction of air: x = Am/mygtal,

_ 4.6kg

= ~ 1%.
400 kg %

X

This seems quite reasonable. We use a heat pump betwween the inside of the living room,
Thot = 298 K and the cold ambient air T,,q = 273 K. The heat delivered to hot reservoir
thus follows AQpe = 90kJ. We assume an ideal Carnot heat pump so that AQnot/Thet =
AQcold/Teora- We find the heat removed from the ambient air: Qeola = (Ttola/Thot) ot

273K
AQcold = 05K 90kJ = 82.5kJ.

Because the heat removed from the ambient air AQ.,q is free, the necessary input of work

follows W = AQnot — AQcold,

W =90kJ —82.5k]J =T7.5kJ.

Download free eBooks at bookboon.com



The power necessary to run the heat pump follows: P’ = W/t,

oIy

Since P/P" = 1500 W /125 W = 12, the heat pump is 12 times more efficient than the space
heater!

Problem 2.12: Since the buoy is completely under water, we find the buoyant force Fj, =
Pgv, L
Fy=1.0x 10° — .98 .54 x 10 m® = 52.9N,
m s

the weight of the buoy is W = mg,
m
W =175kg-9.8 - =17.2N.
s

The force on the submerged buoy are the buoyant force F,, the weight of the buoy W, and
the tension in the string: F, — W — T = 0. The tension in the string follows 7" = Fy, — W,

T =529N — 172N = 35.7N.

When the buoy swims, its weight must be equal to the buoyant force, i.e., F] = W. We thus
find the submerged volume V' = W/pg,

, 17.2N
1.0 x 103kg/m” - 9.8 m /s>

= 1.8 x 102 m? = 1.8liters

The volume fraction of the buoy under water is y = V'/V/,

1.81
y=—0 =

1
=r1-3 [or 33%).

Problem 2.13: We use the ideal gas law PV = nRT to calculate the number of air
molecules inside the balloon at the temperature Ty = 20°C = 293 K: ny = PV/RTy,

1.01 x 10° Pa - 623 m?

= = 2.59 x 10* mol.
8.3J/(Kmol) - 293K Ao

no

The number of air molecules at the temperature T} = 62°C = 335K, n; = PV/RT;

1.01 x 10° Pa - 623 m?

= =2.26 x 10* mol
8.31/(Kmol) - 335 K Yo%

ni

Thus the number of moles of expelled air: An = ng — nq,
An = 2.59 x 10" mol — 2.26 x 10" mol = 3.3 x 10° mol.

The bouyant force on the balloon is given by Fg = ngMg

k
Fip =259 x 10 mol - 28.9 x 1073 —2 . 9.8 2 — 7335 N.
mol s?

Download free eBooks at bookboon.com



Problems for Algebra-Based College
Physics | & ll: including Hints and Solutions Fluids and Thermal Systems

The total mass of the balloon [i.e., hot air and load]: mpaneon = M1 M + m,
4 _3 kg
Mbatioon = 2:26 % 10 mol - 28.0 x 107 2 + T4kg = T2T ke,
mo

We find Newton’s second law for the balloon: Fg — Mpaloong = Mpballoon@, We thus find the
acceleration: a = F,/Mpanoon — 9,

7335 N m m
=——-98—-=0.29 —.
T 77 kg s? s?

Since H = at?/2, the time to reach tower follows t = \/2H/a,

Trust and responsibility

NNE and Pharmaplan have joined forces to create - You have to be proactive and open-minded as a
NNE Pharmaplan, the world’s leading engineering newcomer and make it clear to your colleagues what
and consultancy company focused entirely on the you are able to cope. The pharmaceutical field is new
pharma and biotech industries. to me. But busy as they are, most of my colleagues
find the time to teach me, and they also trust me.
Inés Aréizaga Esteva (Spain), 25 years old Even though it was a bit hard at first, | can feel over
Education: Chemical Engineer time that | am beginning to be taken seriously and

that my contribution is appreciated.

NNE Pharmaplan is the world’s leading engineering and consultancy company

focused entirely on the pharma and biotech industries. We employ more than nne Dharmaplan
1500 people worldwide and offer global reach and local knowledge along with
our all-encompassing list of services. nnepharmaplan.com

155 Click on the ad to read more

Download free eBooks at bookboon.com


http://nnepharmaplan.com

Problem 2.14: We use the ideal gas law PV = nRT, and find the number of moles on the
left and right side: n; = B,V;/RT;,

o L01x10°Pa-43x107°m®
YT 83J/(Kmol)- 313K ’

1.01 x 10°Pa - 5.7 x 103 m? 0.187 mol
TNy = = U. mol.
? 8.3J/(Kmol) - 365 K

The final temperature is determined by the conservation of energy: U; + Uy = Ugpa SO
that (5/2)RniT1 + (5/2)ne RT5 = (5/2)R(ny + n2)Thna. We solve for the final temperature:
Thnat = (M 11 + n2T5) /(01 + ng),

0.167mol - 313 K + 0.187mol - 365 K

Thinal = — 340K = 67° C.
final 0.167 mol + 0.187 mol 340 67 C

We find the volume on the left and right side when the wall has moved: V/ = n; RTx,a1/ P,

0.167mol - 8.3 J/(mol K) - 340K

V) = = 4.7lit
! 1.01 x 105 Pa 7liter,
0.187mol - 8.3 J/(mol K) - 340K ,
V) = = 5.3 liter.
2 1.01 x 105 Pa b-3liter

Note that V' + VJ = 10.0liter, as it should. We obtain the change in the volume AV} =
— AV, = 0.4liter = 4.0 x 10~*m?. We find the distance moved by the wall: d = |AV|/A:

B 3.0 x 1074 m3

d=°"""""
1.2 x 1072 m?

= 3.3 cm.

Problem 2.15: The mass of the melting ice is given by: Am = pjcc AV = picc AAX,
k
Am =917 -2 .0.03m> - 0.01 m = 0.275 kg,
m
We find the heat necessary to melt this ice: Quer = AM - Liysion,

Kk
Quen = 0.275kg - 33.5 x 10* —> = 9.2 x 10*J.
m

“Melting under its own weight” means that the heat for melting comes from the work done
by the weight of the ice block Qmelt = Feravity AT 50 that Fyravity = Qmert/ AT,

9.2 x 10*J

Foravity = ——————— = 0.2 x 10°N.
mravity = 7707702 x

Since Fyravity = Mg = pice Ahmaxg, we find the minimum height: Apax = Fyravity / Pice A0,

9.2 x 10°N

= ’ 5 =34.1 x 10°m = 21.2mi.
917kg/m” - 0.03m? - 9.8 m/s

max
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Note: Our estimate is off by a factor of about ten; the thickest glacier in Antarctica is
4,500m [S. Simon, Icebergs and glaciers (Mulberry, New York, 1987)]. “Melting under its
own weight” can be used to explain the height of mountains; we find hy., = L/g. The
gravitational acceleration on the Moon is smaller than on the Earth gyjoon >~ ggartn/6. This
explains why the highest mountain on the Moon [Mt. Huygens| is higher than the highest
mountain on Earth [Mt Everest].

Problem 2.16: We find the heat given off by the water:

J
Q' = 1.7kg - 4186 ek (80°C — 35°C) = 3.20 x 10° J,

and the absorbed heat:

J J
V= air * 1 T o °C —20° = My - 1. 10° —.
QF = M 1000 "o+ (35°C = 20°C) = e 15.0 % 10° =

Since QT = Q*, we find the mass of ambient air:

3.20 x 10°J
air — — 21. k .
Mair = 1 107 kg 20 K8
We find the number of moles: n = myi /My,
21.3 x 10%g
= ———— 2 ="734mol.
29,08 734 mo
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We then use the ideal gas law to find the volume of air: V' = n,;, RT/P,

~ 734mol - 8.3J/(K mol) - 293 K
- 3.8-1.013 x 10° Pa

=4.6m>

y
Problem 2.17: When the block floats, the waterline is at the position ¥ [
from the bottom of the boat. The weight of the boat is balanced by the
buoyant force: p.eAhg = pwAyog, where paye is the unknown density
of the block and p,, = 1000 kg/ m® is the density of water. We find [l
Pavelt = pwxo. When the block is lowered so that water line is y = yo — dy: 0
the net upward force is Fuet = pwA(Yo — 0Y)g — paveAhyg,

}oy

Foet = —pwAgdy.

We find the “spring constant” k = pyAg = 1000kg/m® - 0.32m? - 9.8 m/s> = 3136 N/m.
The net force is thus a linear restoring force, which yields harmonic motion. The angular
velocity follows w = 27 /T, or

2mrad rad
= =1.08 —.
v 5.8s S
The amplitude of the motion is §9max = 1.3 cm so that the maximum speed follows
rad

Ui = 0 0y = 108 == - 0.013m = L4 x 1072 %

Since the mass of the boat is m = paveAh = payve 0.39 M3, we find the acceleration of the boat

a = —pyAgdy/paveAh or, g

pwh
In general, the relationship between acceleration and displacement determines the angular

frequency a = —w?dy. We thus find w = \/paveg/pwh, 50 that pae = w?(pwh/g),

1000 kg/m® - 1.22 d\? k
Pave = g/m e (1.08 &) — 146 2.
9.8m/s s m

Problem 2.18: The weight of the plane is W = mg = 14.7 N so that the pressure difference
between the top and bottom of the wing follows AP = W/A,

a=— 0y.

147N

AP = """
0.2m?2

= 73.5 Pa.

We write v, = v for the speed of air flow over the upper surface and v, = vy/2 for the speed
of air flow over the lower surface. We use the Bernoulli equation to express the pressure
difference: AP = p (v? —v}) /2,

1 1 3
AP = 2P (v% — ng> = gpvg.

We solve for the speed v = 8AP/3p, so that

-73.5P
vo = L‘r’ag —193™
3-1.29kg/m S

Note: This view of air lift is too simplistic, and airflow across wings is much more complex;
vorticies, in particular, play an important role.
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Problem 2.19: Since the weight of the car is supported by the gauge pressure: W = AP-A.
The cross-sectional area of the tire treads in contact with the ground A = W/AP, or

8889 N

= =4, 102m?2 =14 2,
591 x 10°Pa 0x107“m 00 cm

Since the car has four tires, the contact area of a single tire tread is A’ = 100 cm. A typical
tire has a width w = 10cm. We obtain the arc length of a tire tread in contact with the
surface s = A’ Jw, or

10 cm

The radius of a typical tire is R = 25cm. The fraction of the tire tread that is flattened
follows s/2piR, or

10 cm
ﬂ f 1 [ . fr— .
attened fraction = 5 O em 0.07 (=7%)

Problem 2.20: The total number of gas molecules is N = 123. We find the probabilities
pi = N;/N and the corresponding speeds v;

v [m/s] [0 - 50]50 - 100[100 - 150]150 - 200]200 - 250[250 - 300
N 4 8 13 32 28 13
p; ||0.039] 0.078 | 0.175 | 0.311 | 0.272 | 0.126
v m/s]|| 25 | 75 125 175 225 275

We note that ) . p; = 1. We obtain

m
— ;= 179.0 —,
(v) E piv -

m\ 2 m
e = V02 =[S piv? = /36,020 (—) — 1902
v (v?) Zi:pv - ;

We find the mass of a Ne-atom: m = M/N = 20.2u,
m = 20.2 - 1.6605 x 107*" kg = 3.35 x 10~ % kg.

The temperature determines the average kinetic energy of a gas molecule. Since a Ne atom
has three degree of freedom, the average kinetic energy is given by 3kpT/2 = mv? /2. We

solve for the temperature T' = mv?2, . /3kpT,

3.35 x 107 % kg - (190m/s)?

= 29.2K.
3-1.38 x 1023 J/K
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Problem 2.21: The volume of the balloon is given by: V = 1767.2m3. The weight of the
hot air inside the balloon follows Wit = pnotV 9,

k
Wieo = 112 -2 . 1767.2m® - 9.8 = = 19,397 N,
m S

The buoyant force follows Fg = peoiaV g,

k
Fs = 1.29 -8 . 1767.2m% - 9.8 = — 22, 341N,
S

m3

The weight of the load: Wig.q = Mi0aag,
m
Wieaa = 212.1kg - 9.8 - = 2079 N.
s

The net force follows Flet = F5 — Whot — Wicads
Fhet = 22,341 N — 19,397 N — 2,079 N = 865 N.
The total mass [cabin plus hot air| is given by: M = mygaq + Mot
M =212kg + 1979 = 2191 kg.
We thus get for the acceleration: a = Fe /M,

N
865 0.40 ™

T oglkg T

Since h = at?/2, we find the time to reach the top of the tower: t = \/2h/a,
2-212
t= |2 = 3295,
0.4m/s

Problem 2.22: We find the table for the drop of the water level every 30-s time interval:

that’s about half a minute.

| Time [s][[Ah [cm]| Ah/R]

0 -7.7 1-0.285
30 -5.4  1-0.290
60 -3.7 1-0.280
90 -2.7 1-0.284
120 -2.0 |-0.294
150 -1.4  |-0.291
180 -0.9
Since Ah/h =~ —0.3, the height of water column drops 30% during every 30-s time
interval.  We write At = 30s. Since Ah/h = —At/7, we find the time constant
T = At (—=Ah/h),
30s
= — =100s.
T 03 00s
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The height decays exponentially, h(t) = hgexp(—t/T) so that

5 mm t
1 — 305———"
t (260rnm> 395 = =009

The time follows ¢ = 395 s, or about 6.5 minutes. The pressure difference across the horizon-
tal pipe is the hydrostatic pressure in the bucket: AP = pgh. The volume flow through tehe
pipe decreases the height of the water inside the bucket: AV = —AAh. Inserted into “Ohm’s
law” for the water flow through pipes: AP = RAV/At, we find pgh = R(—AAh)/At, or

Ak At
h— RA/pg’

i.e., Ah/h is proportional to the elapsed time At. We find 7 = RA/pg so that the resistance
of the pipe follows R = 7pg/A

3 2
_ 100s-1000kg/m” - 9.8 m/s :3.3><107P—

R 0.03 m? m3

Note: The dynamic viscosity has unit [§] = Pas. The unit for the resistance of the pipe
[R] = Pas/m? = [n]/[Vol].
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Problem 2.23: The forces on the ball are the weight W = (47/3)a®ppang, the buoyant force
Fp = (47/3)a® pgiycerorg, and the drag Fyag = 6manv. When the ball descends at the terminal
speed v, the net force on the ball is zero: Fhey = (47/3)a*[pvan — Pelycerol] g — 6manvs, = 0.
We solve for the terminal speed vo = 2a%[ppan — Palycerol] /97,

9. (1.1 % 10~2 H1)2 i [2560 kg/IH3 — 1261 kg/n13] 95 102 m
9-1.412Pas - 5

Voo —

or e = 2.5cm/s. The mass of the ball is given by mpa = (47/3)a®ppan. We write
the acceleration a = Av/At, and find from Newton’s second law for the ball: Av/At =

(pball - pglycerol)g/pball - (9 77/2a2pball)v~ We insert Phall — Pglycerol = 977”00/2a27 and find

AV Ve — U

At 1

where the time constant is given by 7 = 2a”pp.n /9,

2-(1.1 x 1072m)? - 2569 kg/m*

_ =4.9x102s.

! 0-1.412Pas 9 s
We introduce the deviation from the terminal speed: v = v, — v. We find Av = —Av so
that Av/v = —At/7. Thus, the time-dependence of v is exponential, v = vy exp(—t/7).

We assume that the ball is released from rest v(0) = 0 so that Uy = ve. We thus find
Voo — V(1) = Voo exp(—t/7), Or
V(t) = v (1 —e77) .

The value of time constant 7 implies that the ball with 1.1 ¢m radius is descending at the
terminal speed 49 ms after it was released. This time is essentially instantaneous on human
time scales of seconds.

Problem 2.24: Total volume is V' = 15-0.5L = 7.5 L. The partial pressure of oxygen is
APoxygen = 0.2 1.01 x 10° Pa = 2.0 x 10* Pa. The number of moles follows n = PV/RT,

21kPa- 7.5 x 1073m?

- = 0.065 mol.
8.31J/(mol K) - 203K o

n

Molecular mass of oxygen is M = 2 x 16 g/mol = 32 g/mol. Thus the mass of oxygen follows:
m =nM,
m = 0.065mol -32 -2 = 2.1 g.
mol

Problem 2.25: Heat pump: run engine [work W] to remove heat from cold reservoir
[outside] and dump heat into hot reservoir [inside!]: Q.+ W = Qp. The coefficient of
performance follows COP = @, /W. Since W = @), — Q.. COP =1/(1 —Q./Qp) > 1. The
lower temperature is 7. = 256 K [zero degree Fahrenheit!] and the higher temperature is
Ty, = 293K [60 degrees Fahrenheit]. We assume a Carnot process so that Qn /T, = Q./T.

so that Q./Qp = T./Th,
1

P= ~
co 1 —-256K/293K s
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Compare with “space heater:” COP = 1. Some technical background: Heat is measured
in “BTU” (British Thermal Unit) with 1 BTU = 1,055 J. The supplied electrical energy is
measured in Watt-hour with 1 Wh = 3,600J. The ratings of heat pumps is measured in
HSPF’s [Heating Seasonal Performance Factor - HSPF]:

1,055

1
P=-""".HSPF = — -HSPF
COP = 3500 51

Note: Commercial heat pumps have a HSPF of about 9.5. It needs to be greater than 8 for
a tax credit! This corresponds to a COP of about 2.8.

Problem 2.26: The temperature at state 1 is given by

_ 2x10°Pa- 50 x 107 3m3

T, = = 301 K.
! 4mol - 8.3 J/(mol K)

Since 1 — 2 is isobaric P, = Py, we find T1/V; = Ty /V; so that Ty = (Vo /V1)Th,
T, =3-301.2K =904 K.
Since 2 — 3 is an adiabatic process and V3 =V} = 50L, we find P; = (1/2/%)1'4 Py,
Py = 3" 2atm = 9.3 atm.
Since 3 — 2 is isochoric V3 = Vi, we find T3 = (Ps/P,) 11,

B 9.3 atm

= -301.2K = 1401 K.
2.0 atm

3

We obtain the graphs:

P [atm]

93 |
VL]

P=2 atm
150 2

P=9.3 atm

50
1 2 1 3

‘
300 900 1400  TIK] 300 900 1400  TIK]

We calculate the work along the segments. For 1 — 2, Wy, = —P(V, — 1)),
Wis = —2.0 x 10°Pa- 1.0 x 107" m® = —20.0kJ < 0,
and for 2 — 3, Was = (PsV5 — PVa) /(v — 1),

0.3 x 10° - 50 x 10-3m® — 2.0 x 10° Pa - 150 x 10-3m?
Wy = 2% X m14 1X AU M 4195k > 0,

and for 3 — 1, W3; = 0. The net work done on the gas is: W = Wio + Wag + Wiy,
Wi = —20.0kJ +41.25k] +0 = 21.25kJ > 0.
We find the change in the internal energy: AU;; = (5/2)nR(T; — T;),
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AU > 4.0mol - 8.3 J (904K — 301 K) = 50kJ
12 2 © mol - K ’
) J
AUy = 3 4.0mol - 8.3 ol K (1401 K — 904 K) = 41.25kJ,
5 J

The heat follows Q@ = AU — W,

Q12 = 50kJ — (—20kJ) = 70kJ > 0,
Qa3 = 41.25kJ —41.25k] =0,
Qs = 91.25kJ — 0= —91.25kJ < 0.

That is, heat is added as 1 — 2, while heat is removed as 3 — 1.
We find the total heat added Qnet = Q12 + Qo3 + Q31

P [atm]
Qnet = 7T0kJ + 0+ (—91.25k]J) = —21.25k] < 0 5
9.3+
Overall work is done on the gas and heat is removed from the gas:
i.e., work is transformed into heat. The system operates as a a sdiabatic
31
heat pump, refrigerator, or.... In these examples, the net work W <
is ultimately “delivered” by the energy, as the appliance is plugged
into the electric outlet. 2.0 1 a2
12
50 150 VI
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Problem 2.27: We find the heat () necessary to melt the ice: ) = mlL,
J
Q =3.34 x 10° 18 % 103 kg = 6,012J.
g

We find the entropy change AS = Q/T

6.012J J
TR 22.02 T

We find the heat associated with the change in temperature of the melted water Q' = mcAT,

AS =

J
Q =18 x103kg 4,186 — - 1K = 75.35 J.

kg K
The corresponding entropy change follows: AS" = Q'/T,
75.35] J
— — J—
AS = K —O.28K.

We find the ratio:
AS  220J/K

AS" 0.28J/K
i.e., the entropy change during the melting of ice [i.e., during the phase transformation] is
much larger than the entropy change during the gradual increase in the temperature. In

ice, the individual atoms are “locked” into specific locations and then move freely after the
meting has occurred.

78,

Problem 2.28: For point A: We find Py = 1.4atm and Ty = 300 K. Use the ideal gas law
to find Vy (recall that n = 1mol): V4 = RTx/Pa,

Ve 8.3J/K - 300K
AT 14 %x10°Pa

For point B: We find Pg = 1.4atm and T = 400 K. Use the ideal gas law to find V4 (recall
that n = 1mol): VB = RTB/PB,

=178 L.

v 8.3J/K - 400K
B 14 %10°Pa

For point C: We obtain Vo = Vg = 23.7L and T = 650 K. Then Po = RT¢/ Ve,

=23.7L.

~ 83J/K-650K
0 23.7 x 10-3 m3

For point D: We obtain Vp = V4 = 17.8 L and Tp = 650 K. Then Pp = RTp/Vp,

~ 8.3J/K-650K
17.8 x 103 m3

C = 2.3 atm.

= 3.0 atm.

D

We read-off that the net work is positive, Wy, > 0; the cycle is a refrigerator/heat pump.
For A — B, the work is Wap = —Ps(Vp — Va),

Wap = —1.4atm- (23.7L — 17.8L) = —826 J.
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We find the change in the internal energy: AUap = (5/2)R(T5 — Ta),

5.
AUap = 583 7 - (400K — 300K) = 2,075 > 0.

Since Qap = AUsp — Wy, we find the heat added,
Qap =2,075] — (—826J) =2,901J > 0.

For B — C'": Since Vz = V¢, the volume change is zero AV = 0 so that the work is zero as
well,Wpe = 0. We find the change in the internal energy: AUpc = (5/2)R(Te — 1),

AUpc = 28.3% - (650K — 400 K) = 5,118 J.

We obtain the heat added Qpc = AUgc — Wae,
Qpc =5,118] > 0.
For C' — D: we find P = RT¢/V so that Wep = —RTe In(Vp /Ve),

J 17.8L

Since T = Tp, the change in the internal energy follows AUcp = 0 so that Qcp =
AUcp —Wep

Qcp = —1,567J < 0.
For D — A: the volume is constant V4 = Vp so that the volume change is zero AV = 0

and the work is zero Wps = 0. We find the change in the internal energy: AUp, =
(5/2)R(Ta — Tp),

5
AUpy = 58.3% (300K — 650K) = —7,263 J.
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We use the first law of thermodynamics: Qpa = AUps — Wpa,
Qpa = —7,263J < 0.
We find the net work, Wyoot = Wag + Wae + Wep + Wpa:
Whet = (—826J) + 0+ (1,567J) +0 = T741J > 0,

i.e., work is done on the gas. Let’s check: > Q = Qap + Qpc + Qcp + @pa, or

> Q=2,901] 45,183+ (—1,567J) + (~7,263J) = —741J < 0.
The heat added to the gas follows: @i, = Qap + U Bc,

Qi = 2,901J 45,118 ] = 8,089 J,
and for the heat removed from the gas: Qouw = |Qcp + @pal,
Qout = |(—1,567J) + (=7263J)| = 8,830 J.

(i) We interpret the cycle as a refrigerator; then the COP follows COP = Qi /Whet,

8,089J .
] = 11 (refrigerator).

(71) We interpret the cycle as a heat pump; then the COP follows COP = Qout/Whet,

COP =

8,830J

COP = =13

~ 12 (heat pump).

Problem 2.29: If the heat conducting rods are parallel, the same temperature difference

applies to both rods. We find the heat flux across the two rods: Q/t = kA(AT/L),

Q) _ 250 J 5.4 %10 *m?- e -0 10.6 5,

t ), sm°C 0.56 m S
2°C — 28°

(9) = SSOL 5.4 %x107*m? - 20 —28°C =16.1 5,

t/, sme°C 0.56m S

The total heat flux follows (Q/t)paranel = (Q/t)1 + (Q/1)a,
(Q) =10.6 1 +16.1 £ = 26.72.
parallel S S 5

If the heat conducting rods are in series, the same heat flux is transported in both rods.
We introduce the temperature 7 at the connection between the two rods. Then ki (T}, —
T*)/L = ko A(T* — T.)/ L so that ky (T}, — T*) = ko(T* — T.). We solve for the temperature
T* = (ki Ty, + koT2) [ (k1 + ka),

250J/(sm °C) - 72° + 380 J/(sm °C) - 28°

T = = 45.5°C.
250J/(sm °C) +380J/(sm °C)
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We calculate the heat flux through the rod 1:

2°C — 45.5°
Q = 250 J -5.4><10_4m2-7 ¢ 55C:6.4£,
t/), sm°C 0.56 m S
and the heat lux through rod 2:
J 45.4°C — 28°C J
(9> = 380 5.4 %107 m?- =6.4-,
t), sm°C 0.56 m s

Thus, we recover (Q/t); = (Q/t)2, as it should. Thus, the total heat flux is

(9> 64
t series S

It is instructive to repeat the calculation but now with rod 2 connecting to the hot reservoir
and rod 1 connected to cold reservoir. We then find the temperature at the connection

between the two rods T* = 54.5, so that T+ # T*. We find (C?/Jt)series = (Q/t)series- That is,
the arrangement of the conducting rods is irrelevant.

Problem 2.30: The volume flow is given by Q = V/t

15.14 x 1073 m? 3
0= e IV T
25s S
The cross section of the hose is A = 7r? = 7(6.35 x 1072 m)? = 1.27 x 107*m?. Since
Q) = Av, we obtain the speed of water in the hose, v = Q /A,
6.1 x 107*m?
po G0 e
1.27 x 104 m? s
The water in the stream undergoes projectile motion (neglecting the spreading of the
stream). We find the biggest range when we aim the stream at the angle 6, = 45°. We
find R = v?/g,

2
R = m =24m.
9.8m/s

The range is given by R’ = 8.0m. Thus the speed leaving the hose follows v' = \/R'g,

V= /80m-98% =89
S S

We use the equation of continuity @@ = Av = A’v' so that A" = (v/v')A,
s 2.4m/s
8.9m/s

Since y = A’/JA = 0.34cm?/1.27cm? = 0.26, we need to cover about 75% of the hose
diameter. We use Bernoulli’s equation P + pv?/2 = P’ + p(v')?/2, so that the pressure
difference follows P’ — P = (p/2) [v* — (v')?],

3 2 2
pr_ p_ 1000kg/m” [(4.8 9) _ (8.9 E) } — _36.7kPa,
S S

21.27x 107 m? = 0.34 x 104 m?2.

2

that is, the water pressure drops.
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Problem 3.1: The coordinate of the electron is: z. = 0.31nm - cos63° = 0.14nm and
Ye = 0.31nm - sin63° = 0.27nm. We find the radius between sodium and electron follows
rNa = 1/(0.115nm + 0.14nm)? + (0.27 nm)? = 0.37 nm. The magnitude of the force follows:

Nm? (1.602 x 10719 C)?
C? (3.7 x10710m)2

Fxa = 8.99 x 10° = 1.70nN.

The direction follows
0.27 nm
= 1.06,

0.255nm
so that 6; = 46.6°. Similar for the chorine: we find the radius between chlorine and elec-
tron: 7oy = 1/(—0.115nm + 0.14nm)2 + (0.27nm)2 = 0.27nm. The magnitude of the force
follows:

tanf; =

Nm? (1.609 x 1071 C)?

Feoy = 8.99 x 10°
a T T2 x 10 0 m)

= 3.2nN.

The direction follows 0.97
< 08,

0.025nm
so that 0y = 84.7°. We find the z and y components

tan 62 =

F, = 1.07nN - (—c0s46.6°) + 3.2nN - cos 84.7° = —0.44 nN,
F, = 1.07nN - (—sin46.6°) + 3.2nN - sin 84.7° = 2.42nN.

Y

Thus for the magnitude of the force

F = /(—0.44nN)2 + (—2.42nN)2 = 2.46 nN.

We find

so that 8 = 100.2°.

Problem 3.2: We find the kinetic energy of the hydrogen ion KE = myv /2,
1 —27 m 2 —20
KE: = 5167 x 10" kg (20,500 —) —35.1x 1020,
s

The separation of the two ions is d = 5.1 x 107°m. The electrostatic potential energy
between them follows: EPE = kququ./d?,

Nm? 1.602 x 10712C - (2-1.602 x 107 C)
2 51 x109m

The total energy follows: Ei, = KE; + EPE;,

EPE; = 8.99 x 10° =92x 10727,

Fit =351 x1072°J4+92x 100K =44.3 x 1072° J.

The total momentum is given by: Pt = Mvcom = MuecVue + mupvn so that the velocity

follows
e 500 ™ = 4100 ™
U, o = . 5 —_— = 5 I
CoM 4du+1u S S
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The kinetic energy of the center-of-mass:
1 —97 m 2 —20
KEcow = 55+ 1.67 x 107 kg (4, 100 —) —7.0x 10720,
S

Because the He?'- and HT interact via action-reaction-pair forces, the CoM velocity is
constant and KE¢g, = const. Initially, the two ions travel towards each other, reach the
closest separation, and then the reverse direction and move away from each other. The
velocity of the relative motion is zero at the moment of closest approach. The maximum
electrostatic potential energy then follows EPE, .« = Eiot — KEcon,

EPEax =443 x 107*°J 7.0 x 1072 J =37.3 x 1072 ]
The minimum distance follows EPE ax = kquequ/Tmin 80 that ruin = kquque/ EPEpax-

Nm? (2-1.602 x 10-29.C) - 1.602 x 10~ C
min — O-. 1 9 :
Finin = 8:99 X 107 =75 37.3 % 10-20]

=1.25 x 1077 m,

Or Tmin = 1.25nm.

EXPERIENCE THE POV

FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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Problem 3.3: The coordinate of the oxygen atom: yo = 9.42 x 107" m - cos 53° = 5.7 x
10~ m. We find the distance between the oxygen and P: ro = 1.1x107* m+0.57x 107" m:
We find go = 0.67-1.602 x 1071 C = 1.078 x 107! C. The force on the electron exerted by
the oxygen ion follows

8.99 x 10°Nm?/C?- 1.078 x 107C - 1.602 x 1079C
(1.67 x 1010 m)2 B

|Fy| = 5.6 x 107°N.

We find the force: Fy = —5.6 x 107N j (i.e., directed downwards). We obtain the distance
between a hydrogen atom and the point P:

rg = \/(9.42 x 10~ m - sin 53°)% + (1.1 x 10~0m)* = 1.33 x 107 m.

The charge on a hydrogen atom: ¢y = 0.335 - 1.602 x 107 C = 0.53971 C. We find the
magnitude of the force on the electron exerted by a hydrogen ion:

=3

H

8.99 x 10° Nm2/C?-0.539 x 10719 C - 1.602 x 10~ C .
- (1.33 x 10=19m)? =44 x107°N.

The angle « is given by:

9.42 x 107" m - sin 53°
t - = U.
e 11x 10 0m 008

so that o = 34.4°. We find the force due to the two hydrogen ions:
Fy=2c08344°-44x 107N =73 x 107°N
so that Fyy = 7.3 x 1079 N (i.e., directed upwards).

We find the net force ﬁnet = FO + ﬁH,
Frot = —44x10°Nj+73x10°Nj=29x 107N}

That is, the net force is directed upwards: the electron is attracted to the water molecule,
even though the net charge of the water molecule is zero.

Problem 3.4: The electrostatic force is attractive so that an addititional, repulsive force
maintains the separation between the ions. We find the bond force when the charges are
in equilibrium from the Coulomb force between charges +9 separated by the distance ly:

Fyona = k0 /15,

O

Nm? (0.18-1.602 x 10719 C)?
0o _ 9 _
Flona = 899 X 10° -+ o =iy = 0460,

We find the Coulomb force between ions when the molecule is stretched: Iy — [:

Fion = k6?/ 12,

Nm? (0.18-1.602 x 10719 C)?
F' =899 x 10° : = 0.42nN.
fon e (1.34 x 10-101m)? "
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The electric force on the molecule in the external electric field F is given by Fo =20 E,
~19 o V
Foy =2-0.18-1.602 x 1077 C-65.0 x 10" — = 3.74nN.
m

The sum of the Coulomb force and and the external force acting ton the molecule is balanced
by the a modified bond force F)_ 4 = Fi, + Fext so that

ond ion

F. . =3.74nN + 0.42nN = 4.16 nN.

The increase in the bond force is modeled by an “effective” spring acting along the bond:
Fspring = Fll)ond - FbOHd?

Fupring = 4.16nN — 0.46 1N = 3.7nN.

Since the elastic force is proportional to the stretch: Fy,ine = IC(I — ), the spring constant
follows K = Fypring/ (I — lo),

3.7x 107N N
K 7.0 x 10712m 529 m

This is a reasonable value for the elastic properties of chemical bonds.

The Wake
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Problem 3.5: We find the time for the free fall of the dust particle inside the capacitor:
0.13m = gt% /2, so that for the time:

201
P L T
9.8m/s

From the motion along the horizontal Azr = 7.0 m = at?,
horizontal follows t,;, = 2Ax/t2, :

air*

/2. The acceleration along the

2-7. -3
_ 7.0 x 10 m:O.53E.
(0.163 )2 52

We find the force along the vertical F,, = ma = 16e - E so that the electric field follows:
E = ma/16e,
7.3 x 107" kg - 0.53 m/s> N
= 14,963 —.
16 -1.602 x 10-19C ’ C

The electric field is directed towards the right. Since E = o/¢g, the surface charge density
follows: 0 = €y F,

B =

C? N C
_ —12 _ -7
o=28.85x10 T 14,963 G- 1.32 x 1077 —.

m m?
We find the charge on the capacitor () = 0 A,
C
Q=132x10""— - (0.13m)* = 2.23nC.
m
The left (right) plate is positvely (negatively) charged.

Problem 3.6: The distances of the two charges to the point P are given by:

r = v/(5.3cm)? + (5.1cm)? = 7.4 cm,
ry = /(6.9cm)2 + (5.1cm)? = 8.6 cm.

The electrostatic potential at the point P follows: V' = k(Q1/r1 + Q2/12). Since V = 0, we
find the charge Q2 = —Q1(r2/r1)
8.5cm

= +4.4nC.
7.4cm

Qg = —(—3.8 DC)

We find the electric fields at the point P produced by the two charges |E;| = k|Q;|/r2:

. Nm?2 3.8 x1079C N
E,| = 8.99 x 10° . = 6245 —
£l e T07am)e c

. Nm2 4.4 x107°C N
Ey| = 8.99 x 10° : = 5354 —
=l T (0.086m)? C

The - and y- components of the electric field E; are given by:

N 53cm N N 51cm N
Ey, = 6245 — - = 4473 —, B, = —6245— - =
b 0245 C T7.4cm & C Ly
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and the z- and y- components of the electric field EQ:

N 6.8cm N N 51lcm
B, = 4 — . = 4233 —, Es, = 4 — .
% 035 C 8.6cm 33 C 2y = 535 C R6cm

N
= 3175 —=.
C

We then find for the total electric field: E = El + EQ:

N N N

- 7BC+ 33C 8706C,
N N N
E, = —4304 — 175 = = —1129 —.
y 304 5 +3175 95

The magnitude of the total electric field: £ = |/EZ? + E2 follows:

N\ 2 N\ 2 N
E = \/<8706 6) + (—1129 6) — 87796

and for the direction: tanf = E,/E,,

—~1129N/C

tand = 706N C

= —0.13,

so that 6§ = —7.4°.
Problem 3.7: Since C' = Q)/V, the charge on the capacitor follows @ = C'V/,
Qo =80x10°%F-6.0V=48x10"°C.

The electrostatic potential energy stored in the capacitor follows Up = C'V?/2
1
Upo =580 X 107°F - (6.0V)* =1.44 x 107 J.

The magnetic energy inside the inductor is given by Uy, = (1/2)LI%. Total energy in
the LC-circuit is the sum of electric and magnetic energy Uiy = Ugo = Ug + Uys; since
Ug = Uy = Ug/2. The electrostatic energy is givenby Up = Qf/Q/QC’ =1.44 x 1071J/2,

so that the charge follows @1/, = v/2CUFg,

Q1o =V80x106F -1.44x 104J=34x107°C

Similarly, the magnetic energy determines the current Uy = LI? /2 /2 =144 x107%J/2, we

find 11/2 = \/2UM/L,
144 x 104
Ly =] -————= = 0.25A.
1/2 23x103H

We find the (angular) frequency of the LC-circuit: wy = 1/v/ LC, or

1

= = 7.4kHz.
V8.0x106F-23 x 103H

wo
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The period follows T' = 27 /wy,

2T

T—_— T _0852ms.
TAx 100y 8o2ms

We find the ratio: Q1/2/Qo = (3.4 x 107°C)/(4.8 x 107°C) = 1/v/2. Since Q(t1/2) =
Qo cos(wot1/2), we find wot1/o = (27/T)t1/2 = /4 so that the time follows t;/, = T'/8

0.852
lij2 = —s s _ 0.106 ms.

Problem 3.8: We use d; = 0.04m is the distance between the point P and the infinitely

long wire ;. The magnitude of the magnetic field follows

Tm 3.1A
B =2x107"—.
1=4X A 0.04m

= 15.5uT.
The magnetic field is directed along the +y-direction:
B, =155 uT4.

The magnetic field B, is given by B,=B-— él, or

By =182uT &+ 51uT§—155uT§ = 18.2uT 2 — 10.4 uT §.

We find the magnitude |By| = , /B3, + B3,

|Ba| = /(182 uT)2 + (—10.4 uT)2 = 21.0 uT,

and for the direction: tan6y = B, 2/ B, o,

—10.4 T
tanQQ = ﬁ = —0571,

so that 6 = —29.7°. We find z9 = 4cm - tan 29.7° = 2.3 cm.
The distance between the current I, and the point P follows:
4.0 cm

dy = ——— =4.6cm.
2 cos 29.7° o

The current I follows from |§2| = pola/2mdy so that I, = 27T|§2|d2/,u0,

~21.0x 10°T-0.046 m

- = 4.84A.
2 2.0 x 10-7 Tm/A 8

We use the second RHR to find that the current I, is directed out-of-the-page.
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Problem 3.9: We label the circuit and write down the junction rule:
L+1L =1
and the loop rule for #1 and #2:

8—5 == 4[1—1[2,
5=11L+3I.

We insert I3 = I; + I, into the loop equations and find after some re-arrangements:

12 = 161, — 41,
5=30L+45.

We find 17=19-1; or I; = 0.89A. Then 3 =4-0.89 — I, so that I, = 0.58 A. The current
I3 follows I3 = 0.89 A 4+ 0.58 A = 1.47 A. The power delivered by the two batteries follows:

Poat =8V -0.89A+50V-0.58A =10.0W.
and the power dissipated in the circuit:
Paissip =42 - (0.89A)? +1Q- (0.58A)* +3Q - (1.4TA)* = 10.0 W.

Then the power delivered by the batteries is equal to the dissipated power Phat = Plissip-

Ijoined MITAS because L,
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Problem 3.10: We set the electric and magnetic forces equal to each other ev,B = eE and
solve for the electric field: £ = v,B,

N

E=142x10°2.052T = 7.4 x 10* =.
S C

The magnetic force is directed upwards [+y-axis] so that the electric force is directed down-

wards - thus the electric field is also directed downwards [i.e., directed along —y-direction].

We conclude that the top plate is at the higher potential. The potential difference follows
V:cop - %ottom =FK da

N
Viop — Viottom = 7.4 x 10* G - 0.025m = 1.85KkV.

We find the capacitance C' = ¢yA/d:

C?  (0.092m)?
C =8.85 x 10712 : =30x1071?F
x NmZ  0.025m x ’

so that the charge on the capacitor follows Q = C'V, or
Q=30x10"2F 1.8 x10°V=5.6 x 1077 C.

The electric field density follows: ug = ¢gE?/2,

8.85 x 10712C?/(Nm?) (
Up —

N 2
5 7.4 x 10* —) =243 x 1072 ig

C m

and the magnetic field densitiy ugp = B?/2puq,

(0.52T)? 2 J
= =1.1x10"—.
2-471077T/(Am) x 10 m?3

up

We calculate the ratio of the energy densities: x = ug/ug,

243 x1072)/m’

_ -7
1.1 x 105 J/m® 22 0

Since E = v, B, we find the ratio x = (epvzB?/2)/(B*/210). Since €opo = 1/¢?, where ¢ is
the speed of light, we find x = (v,/c)?,

_ (1.45 x 10°m/s

2
=22x%x107".
3.0 x 108 m/s ) 8
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Problem 3.11: We use the right-hand-rule to see that the particle is negatively charged.
The speed for the first half-revolution follows v; = 7ry/t; = 4.2 x 1072m/(32 x 107%s) =
4.12 x 10*m/s. Since the magnetic force is equal to the centripetal force, mv?/r1 = |q|v1 B,
we find |g| = muv,/r B,

83 x 107'%kg - 4.12 x 10 m/s
0.042m-0.342T

We find the speed for the second half-revolution: vy = 0.8v; = 0.8 - 4.12 x 103m/s =
3.30 x 10> m. We obtain the corresponding radius: r, = muy/|q|B,

lq| = = 23.8uC.

83 x 107" kg-3.30 x 10°m/s

_ — 0.033m = 3.3 cm.
"2 238 x 10 6C-0.342T m o

We find the time for the second half-revolution: ty = 71y /vs,

7-0.033m

ty=
?7 33 x10%m/s

= 32 ps.
Note that ¢; = to = T'/2: the period only depends on the charge and the magnetic field. It
follows that the ratios of the radii and velocities are identical to each other: r/ry = vy /vy,

0.2
Tr_ 22 0476

ry 4.2cm

Since the speed decreases by a factor for each crossing of the lead piece, we the speed after
n + 1 crossings follows 0.046 = (0.8)". We take the (natural) logarithm In0.046 = n -In0.8
and obtain the number of turns:
~ 1n0.0476
~ In0S8

we round up to find n = 14. We find the the wait time ty.; = 14 - T'/2,

= 13.6,

toait = 14 - 32us = 448 pis.

Problem 3.12: The direction of the electric field is given by tanf = E,/E,

—137N/C

tan =
WYT 931N/C

= —0.59.

We find the location of the charge on the z-axis, x, = 0.40 mm/ tan 6

0.40
Ty = S —0.67 mm.

(—0.59)

The distance between the charge ¢ and the point P follows: r = /2 + y?,

7 = 4/(=0.67mm)2 + (0.40 mm)2 = 0.78 mm.
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The magnitude of the electric field is |E| = \/E? + 7

. N 2 N 2 N
|E| = \/(231 6> + (_1376) = 2686 5.

Since E = kq/r?, we find the charge ¢ = Er?/k,

~ 268.8N/C- (7.8 x 10~ m)?
899 x 109 Nm?/C?
Problem 3.13: We simplify the circuit in four steps: (i) 42 and 82 in series: 12€2; (ii)

19 and 5Q in series: 6€2; (iii) 12 and 6 in parallel: 4Q; (iv) 4Q and 3 in series:
Req = 7. We find the power Poay = V?/Req,

=18 x 1071 C.

(12V)?
att = =20.6 W.
batt 7Q
We obtain for the current through the battery:
12V
It = —— = 1L.7TA.
batt 7 Q

We then find
12Q- 1, =6Q-1, I +1,=17A.

Since I, = 211, we find I; = 0.57A and I, = 1.14 A. The dissipated power follows
P =50 (1.14A)* = 6.53 W.
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Problem 3.14: The distance between the two wires is given by r = 0.068 m. The force
per unit length between the wires is given by F/I = pgl?/(2mr. We solve for the current

I=\/(F/l)-2mr/p

=6.4A.

I 1.2 x 1074 N/m - 27 0.068 m
B 47 x 107" Tm/A

The distance between the proton and the long thin wires:

R = \/(2.0 cm)? + (3.4 cm)? = 4.0 cm.

The magnitude of the magnetic field at P produced by each wire is given 4
by: Bl = BQ = ,U/OI/<27TR)>

= = —T_ = -5 x=-3.4cm

By =By;=2.0x10 A 00im 3.2x107°T. 34
We introduce the direction 6 of the magnetic fields with the z-axis. We find tanf§ =
3.4cm/2.0cm = 1.7 so that § = 59.5°. The magnitude of the magnetic field follows

B = |By + B,| = 2 Bcos?,

B=2-32x10""T-c0s59.5° =328 x 107°T.

The force on the proton is |F| = evB:
IF|=1.6x1079C-341 2 . 3.28 x 1075 T = 1.79 x 102" N.
s
We use the first RHR to find that the force is out-of-the-page.

Problem 3.15: We find the charge on the capacitor: Qg = C'V,
Qo=32x10"°F-240V="7.7x10°C.

The angular frequency is given by w = 1/v/ LC,

1

w = = 490 kHz.
V3.2 x109F-1.3 x 103H

Since the period is 7' = 27/w, we find the time ¢t = 7/4 = 7/(2w):

™

t =
2-4.9 x 10°s1

=32x10%s =3.2pus.

The charge on the capacitor corresponds to the coordinate so that the time dependence of
the charge follows Q(t) = Quax coswt so that Q(t)/Qmax = 1/3 = coswt. The time follows
t=w""tcos™(1/3)

t = 1 (1 =251 x10%s =251
T1ox1s Y \3) T ST
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Problem 3.16: We find the radii r; = /(2.5 cm)? + (3.5 cm)?
= 4.3cm and ry = 3.5cm. Then the magnitudes of the magnetic fields
at the point P produced by the currents I; follows B; = pol;/(27r;) follows:

411077 Tm/A - 4.4 A
B, = = 20.5uT
! 9743 x 102m .
471077 Tm/A - 3.3 A
? or 35x102m  oH

The angle 0 follows tanf = (3.5cm)/(2.5cm) = 1.4 so that § = 54.5° and ¢ = 90° — 54.5° =
35.5°. We find the z-component of the magnetic field By,

By, =—-20.5puT cos35.5° = —16.7 uT,

and the y-component
By, =20.5uT sin35.5° = 11.9 uT.

The y-component of the magnetic field B, is zero, By, = 0, and the z-component:
By, =189uT.
We then find the net magnetic field B = El + ég:

B, = —16.7uT +18.9uT = 2.2 T,
B, = 11.9uT +0 =119 uT.

We obtain magnitude of the magnetic field |B| = /B2 + Bz,

|B| = /(2.24T)% + (11.9 uT)? = 12.1 uT,
and the direction: tanfp = B,/ B,,

11.9,uT
22uT

tan 03 = 54,

so that the angle follows 6p = 79.5°.

Problem 3.17: We find the capacitance C' = kegA/d,

8.85 x 10712C?/Nm?-8.0 x 10~*m?
4.0 x 103 m

The voltage between the plates is V = Fd = 4.5 x 103V/m - 4.0 x 107*m = 18V. The
charge on the capacitor plates follows @ = CV/,

C =51 =9.0x 10712F.

Q=90x10"2F-18V=162x 107" C.

The electrostatic potential energy follows EPE = CV?/2,

1
EPE = 9.0 1072F- (18V)2 =1.5x 1077 J.
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y [em]
Problem 3.18: We read-off the shortest distance between the Han |
point P and the wire: d = 2.0cm -sin61° = 1.75cm. We then |
find the magnitude of the magnetic field: B = pol/(27d): /e P
I ."‘ I x [cm]
L\ d

_ 4m x 107" Tm/A - 14A
N 27 - 0.0175m

B

=16 uT.
The magnetic field is directed into the page!
We find magnitude of the force: F = quB
F=83x107°C- 352? 116 x 1078 T = 4.67 x 107" N,
We then obtain the acceleration: a = F/m,

4.67 x 10711 N m
=1.23 x 107° —.
3.8 x 10~ 6kg % 52

a =

The force is directed along the —z-axis.
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Problem 3.19: The electron has potential energy due to ithe electrostatic potential pro-
duced by the He and Cl-ions:

2 _
EPE = k(—e) [re +T_€} —0,
He Cl

so that 2e/ry. = e/rcp or rap = rhe/2. We write the distance between the two ions: 5.0 cm =
THe + T so that 5.0 cm = (3/2) rge. We find ryg. = 3.33 cm and r¢ = 1.67 cm. We find the
force on the electron: F = ke? - [2/rf, + 1/r2],

Nim? 2
F =899 x 10° cH?l (1.602 x 1071 C)°* [<

=1.22x 107%N.
0.033m)° (O.Ol?m)Q} 8

The force on the electron is towards the left. The electron moves towards the left: ry, =
2.8cm and r¢p = 2.2 cm so that EPE' = k(—e) [2¢/r}, + (—€) /70,

2 2 1

0.028m  0.022m

Nm
C2

EPE' = —8.99 x 10° (1.602 x 10712 C)* [ } =—6.0 x 107" J.

We now use conservation of energy mv?/2 = —AEPE so that v = \/—2AEPE/m,

2. (—6. -2
v | (—6.0 x 10 J):115E_
9.11 x 1031 kg s

Problem 3.20: The spring force balances the weight of the particle:
ZFy = —mg + kAl = 0.
We find the displacement of the spring: Al = mg/k,

~ 48x10%kg-9.8 m /s’

12N/m =11x10%2m = 1.1cm.

Al

Thus the unstretched length of the spring is l[p = 7.3cm — 1.1 cm = 6.2 cm.

The forces are the spring force Fyying, the weight mg, and the Coulomb

force F¢. The new stretch of the spring is [ = /(7.3 cm)? + (4.1 cm)?

—6.2cm = 2.2cm, and the spring force is Fyping = 4.2N/m - 0.022m

= 0.092N. The direction of the spring is tané = (7.3 cm)/(4.1 cm) Fe
= 1.78 so that 8 = 60.6°. Newton’s second law then follows:

> F, = 0.092N c0s60.6° + Fe, =0,
> F, = 0.092N sin60.6° — 0.048 N + Fi, = 0.

We thus find the z- and y-components of the Coulomb force:

Fop=—0045N, Fg, =—0.032N.
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The magnitude of the Coulomb force follows: F = , /F(%,x + Fay,

Fo = /(—0.045N)2 + (—0.032N)2 = 0.055 N,

and direction tan ¢ = Fe,/Fo o,

—0.034N
—0.045N

so that the angle follows ¢ = 35.4°. Since AY = 12.5cm — 7.3cm = 5.2cm. We use
tan 35.4° = AY/AX to find

tan ¢ = 0.71,

B 5.2cm
~ tan35.4°

We find the distance between the charges d = 5.2 x 1072 m/sin 35.4° = 9.0 x 102 m. Since
the Coulomb force is given by Fo = kqQ/d?, we solve for the unknown charge on the ground:

Q = FC'd2/kq>

= 7.32cm.

0.055N - (0.09 m)?

@ = S99 109 N2/ 12 x 1060 "
3Q |y
Problem 3.21: We write down the junction rule: I—JW—‘—\
2V i
L+ I, =1, 2V
I—v\/\/‘\
and the loop rules for #1 and #2: 6Q 20
- 4Q
#1 8—2:—3[1—|—212, I3 %

#2 —8=—-2I,— 413 —61;.
We insert I3 = I; + I, into the loop equations and find after some re-arrangements:

30 = —15I, + 101,
12 = 151, + 181,

We get 42 = 281, so that

We then obtain 30 = —151; + 10 - 1.5, so that
I =—1.0A.

The current I3 follows
I3 =—-10A+15A=05A.

We find the power delivered by the two batteries, Py =2V - I} + 8V - I:
P=2V-(-1.0A)+8V-15A =10W.

Note that the power “delivered” by the 2-V battery is negative; this battery is “charged.”
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Problem 3.22: We find the current through the rod: I = Vj/R = 12V/63Q = 0.19 A.
The current is in clockwise direction. Thus the accleration of the rod is a = Fiag/m =
IcLB/m,

~ 0.19A-0.13m-34T
26 x103kg

Use the RHR-1: the acceleration is towards the right. The induced EMF across the rod
follows Eina = Vmaxl B,

m
a =323 3.
s

Eind = 17.8? .0.13m-34T =T7.9V.
Since &g = Vi, the remaining charge is Quin = C'Viuin,

Quin = 25.5 x 107°F - 7.9V = 0.20 C.
The initial charge on the capacitor is Quax = C'V,

Quax = 25.5 x 1073 F - 12V =0.31C.

The electrostatic potential energy stored in the capacitor is given by EPE = C'V?/2. The
change in the electrostatic potential energy: AEPE = C[€2 — V] /2,

-3
AEPE — w [(79V)? — (12V)?] = —1.05J.

We calculate the maximum kinetic energy of the rod, KE = mv?, /2,

_ 2.6x107%kg
e

KE (17.8 ?)2 —0.41J.

Without resistance of the track, the loss of electrostatic potential energy would be converted
in the kinetic energy of the rod, AKE, ., = —AEPE = 1.05J. Thus, 40% of the electrostatic
energy is converted into kinetic energy, and 60% is dissipated as heat in the resistor.

Note: The terminal speed of the rod can be calculated using calculus. One finds

VB <1 N (ZB)2>_1.

Umax = -~
m

C m

Problem 3.23: The forces are the weight mg = 2.0 x 10~*kg - 9.8 m/s2
= 1.96 x 1073 N, the tension in the silk 7" and the magnetic force Fp. g
Newton’s second law yields: T

U2

ZFI = —T'sinf — Fg = —m—, <-
'S . Fs

{
ZFy = Tcos —mg = 0. ‘
: g
The tension in the string follows: T' = mg/ cos 0,

196 x 1073N

=221 x 1072 N.
cos 27°
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The radius is given by r = 0.22m sin 27° = 0.10 m. Then the speed is given by v = 271/,

B 27 -0.10m

m
V=" g6s —0.337§.
We find the magnetic force Fg = mv?/r — T sin 6:

(0.34m/s)?
0.1m

Fp=20x10""kg —22x 107N sin27° = —7.73 x 107*N.

Since the magnetic force is given by Fp = QuB, the charge of the dust particle follows,

QI = |F5|/vB 4
773 x 104N
Q= 0337mys 25T ~ 2K

The dust particle is negatively charged.
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Problem 3.24: The average velocity of the phosphorous ion is v, = d/At,

3.7x 103 m m
ave — & 1 oA 5 — 1.19 x 104—
Ve = 3T % 107 s s
We express the average velocity in terms of the initial and final velocities, vae = (vf +v;)/2
so that the final velocity is given by vy = 2vVay — vi,

vp=2-119x 10° = —1.82 x 10* = = 5.7 x 10° =
S S s
The acceleration of the phosphorus ion follows a = (vy — v;)/At,
5.7 x 10°m/s — 1.82 x 10 m/s m
- = —4.0 x 10" =.
¢ 3.1x 10 7s =

The magnitude of the force on the phosphorus ion follows F' = ma,
F=31-1.67x 102 kg-4.0 x 10°° = = 2.0 x 10 N.
S

The force points towards the left. We find the change in the kinetic energy of the phosphorus
ion: AKE = m(v} —v7)/2,

AKE =

31-1.67 x 10-2"kg [<

2 2
. 5.7 % 10° 9) _ (1.28 % 10° g) } — 77 x 10787,
S

S

Conservation of energy yields AKE = —AEPE = eAV. We find the potential difference
between the capacitor plates: AV = AKE/e,

77 x 10718 ]
AV = 1.602 x 10-19C —48LV.

Thus, the potential difference V' = 48.1V is applied to the capacitor. The charge on capacitor
follows @ = CV,
Q=123x10""F-46.3V=59x10""C.

The plate on the right is positively charged.

Note: Alternatively, the electric field inside the capacitor can be calculated from the force,
E = F/e = 2.0 x 107 N/1.609 x 107" C = 12.4kV/m so that the potential difference
follows |AV| = Ed = (12.4kV/m) - 3.7 x 107 m = 48.1 V.

y [em]

Problem 3.25: The electric fields E; and E, produced by )1 and @2, T

1=4nC @ Q:=6nC

respectively, and the total electric field Fioa = E1 + Eo. We find bt
the distance 71 = 0.05m so that for the magnitude F; = kQ;/r:

8.99 x 10°Nm?/C*- 4.0 x 107°C N +—
E, = =1.44 x 10* = x [om
! (0.05m)? ¢ E e
and for the components
AN
El,x =0, ELy =—-1.44 x 10 6 Etot
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For 75 = 1/(0.06 m)2 + (0.04m)2? = 0.072m. The electric field follows Fy = kQq/72,

: 10° Nm?/C? - 6. 107 N
2:899>< 0°Nm?/C*-6.0 x 10 C:1.04><1()4—.
(0.072m)? C
We find the z- and y- components of Ey:
N 6.0cm N
By, = —1.04 x 10* - = 8.7 x 10° =
2o M0 G T = 870G
N 4.0cm N
By, = —1.04 x 10* = - = —5.8 x 10° .
2 04> 10 C 72cm o8> 10 C

The z- and y-components of the total electric field follow: Eiotar s = F1 4 Eop and Eigray =
E,, + B, respectively,

N N
Fiotale = 0—0.87 x 10* = = —0.87 x 10* =
ttl, C C

N N N
Biotaly = —1.44 x 10* - 0.58 x 10* o —2.02 x 10* ok

Thus, the magnitude of the total electric field follows: ]Etotal\ = \/ E&Oml,m + E?

total,y>

o N 2 N 2 N
| Eyotal] = \/(—0.87 % 104 6) + (—2.02 x 104 6) —22x10* o

and for direction: tan € = Eiotaly/ Eiotal o

—2.02 x 10*N/C

tanf = _
M= 08T x 100N/C

2.3,

so that 6 = 246° with respect to the positive z-axis. We find EO = —(El + Eg) = —Etotal SO
that |Eo| = |Etotal| = kQo| /1§, or ro = \/ k|QO|/|Et0tal|

\/8.99 % 109Nm?/C? - 2.1 x 10-9C
ro =

= 2.8cm.
2.2 % 1001N/C o
We find the coordinates of the charge Q.
xo = 2.8cm cos66.5° = 1.1 cm, Yo = 2.8 cm sin 66.5° = 2.56 cm.

188
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Problem 3.26: The forces are the weight mg = 0.054 N, the tension in the
string 7', and the Coulomb force F,. We find

ZFJC = F.cost)y —Tsinfl, =0
> F, = F.sinf + Tcosf, — 0.054N = 0

We find the angles cosfy = 10 cm/13 cm so that 6, = 39.7°. For the horizontal :
displacement of the first ball, we get Ax = 13 cm - sin 39.7° = 8.3 cm. We then
obtain tanf; = 3.0cm/8.3 cm so that 6; = 19.85°. We observe that 6, = 26, ' ¥ mg=0.051N
(this is an exact result!). We get F, = T'sin 39.7°/ cos 19.85° = 0.68 7". Thus

T[0.68 sin 19.85° + c0s39.7°] = T = 0.054 N.

We get F. = 0.68 - 0.054 N = 0.0367 N. The distance d between the two balls follows from

dsin 19.85° = 3.0 cm so that
3.0cm

 sin19.85°
We get F,. = kQq/d?, so that for the charge ¢ = F.d*/kQ,

= 8.83cm.

0.0367 N - (0.0883 m)>

_ — 374nC.
8.99 x 10°Nm?/C? -85 x 10-°C !

q

The change of the potential energy has two contributions: (1) lifting the first ball:
A1:)]_-—Cgravity = mgh7 or

APEgavity = 0.054 N - 0.03m = 1.62mJ,
and the electrostatic potential energy: APEqiectric = kQq/d, or

99 x 10°Nm?/C? - 1079C- 374 x 107°
APEyo e, = 399X 10°Nm?/C* 85 1079C - 374 x 107°C _ o
0.0883m

We calculate the work from the changes in the gravitational and electrostatic potential
energies, W = APEgavity + APEciectric, or

W =1.62mJ +3.07J = 4.7mlJ.

Note: The change in the electrostatic potential energy is twice the change in the gravitational
potential energy APEgjcctric = 2APEgravity. This is an exact result, and is left for the reader
to derive.

Problem 3.27: The distance between the current wire and //a\: °
the point P is r = /(1.0cm)? + (2.0cm)? = 2.24 cm. . B
We find the magnitude of the magnetic field: B = pol /27,

1cm

 4r x 1077 Tm/A - 2.3A

B = —2.06x 10°°T.
97 2.24 % 10-2m %
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The angle follows tanf = (1.0cm)/(2.0cm) = 26.5°. The z- and y-
components of the magnetic field follow

B, = 2.06 x 107° T c0826.5° = 1.84 x 107 T v <LV/B
B, = 2.06 x 107° T sin26.5° = 0.92 x 107" T. g
1cm
The angle is gven by 6’ = 90° — 26.5° = 63.5° between the magnetic field B !
and the velocity ¢. Thus for the magnetic force: F' = |qlvBsin€’, or { om

F=37x10"2C-1291 2.2.06 x 10~° T sin 63.5° = 8.81 x 10~ N.
S

Alternatively, |F| = |q|v|B.| = 3.7 x 1072 C - 1291m/s - 1.84 x 107" T = 8.81 x 107" N.
Because ¢ < 0, the force is directed along the +z-axis [out-of-the-page]. The magnitude of
the acceleration of the dust particle follows |a| = |F|/m:

8.81 x 1074 N m
= =187 x107% =
9l = 10 kg 52

In the same direction as the force; i.e., out-of-the-page.
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Problem 3.28: We find the radii 714 = 0.06 m, 794 = 0.03cm; r13 = 0.04m, rop = 0.01 m;
and ric = 0.04m, rc = 4/(0.03m?2 + (0.04m)? = 0.05m. Since 15 = ric, the work Wpe
is stored as electrotstatic potential energy: Wpo = eAVep,

1 1 1 1 1 1
AU LU Y S PV EREA

ric B ra2c 2B r2c 2B

We insert Wpye and solve for the unknown charge g = (Wpe/ek) - [1/rac — 1/rap] 7t

367V 1 1 ]!
= — = —0.51nC.
7899 x 10°Nm?/C? [0.05111 0.0lm} .
We find the work Wap = ekq[1/rip —1/r1a] + ekqa[1/rop — 1/1r24]. We find

kqy [1/r95 — 1/r94] = 8.99x10° Nm?/C?-(—0.51x 107" C)-[1/0.01m—1/0.03m] = —305.7 V.
Since Wyp = 343 eV, we find

8.99 x 10°

Nm? [ 1 1

_ — 343V — (—305.7V) = 648.7V.
& " \5orm 0.0Gm] 343V — (=305.7V) = 648.7V

We thus obtain the charge ¢;:

648.7V

— — 3.6nC.
8.99 x 10°Nm2/CZ-20.0m-" "

q1

We find the electrostatic potential energy of the potassium ion at the point C":

N m?

EPE = 8.99 x 10° - 1.602 x 10-19 ¢ [4.3 x107°C  (—0.51 x 107°C)

00im 0.05m

= 14x 10716,

The initial electrostatic potential energy is transformed into kinetic energy of the potassium
ion. Since m = 39-1.67x1072" kg = 6.5x 107 kg, we find EPE = mv?/2, or v = \/2EPE/m

2. 1.4 x 10-16
v:\/ X102 w10t ™
S

6.5 x 1026 kg

Problem 3.29: We find the capacitance of the empty parallel capacitor: Cy = ¢yA/d,
C? 3.3 x 1074 m?
Nm? 2.7x 1073 m

and filled with dielectric material: C' = kCy = 7.3 - 1.1nF = 7.9pF. We find the charge:
QR=CV

Co = 8.85 x 10712 =1.1x10"F =1.1pF.

Q=80x10""2F .12V =96 x 107" C.

The charge on the battery remains fixed when the battery is removed: )y = ). We find the
potential difference V5 = Q/Cy = Q/(C/k) so that Vy = k(Q/C) = KV,

W=73-120V =87.6V.
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Alternatively, Vo = 9.6 x 1071 C/1.1 x 107"2F = 87.6 V. Since the slab is removed very
slowly, the total work done on the slab is zero: Wiga = Wexe + We = 0. We thus find
Wet = AEPE = Q?/2C, — Q?/2C, or

(9.6 x 10711 C)2 1 - 1
2 1.1x10-2F 8.0 x 10-12F

Wext = ] =3.6x107°J.

That is, you need to do work!

The electrostatic potential energy is lower when the slab is fully inserted
compared to when the slab is removed. This shows that the electric force !’H

on the slab is pointing towards the inside of the capacitor. We find force,

|Fz| = AEPE/d, - /%

36x1077F 50 10-7N = 200uN.

Fel = T35 102m
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Problem 3.30: For uniform circular motion, the speed is given by v = 27r/T so that the
period follows T = 27r /v,

B 271 -5.3x 1071 m

=1.51 x 10716,
2.2 % 10°m/s . i

We find the current corresponding to the orbiting proton: I =¢e/T,

1.6 x1079C

Ig=——"—"=11x102A.
= 151 x 10 165 %

The magnetic field of a current loop is given by B = ugl/2r,

 47-107 T Tm/A - 1.1 x 1073 A

B
2.53x101m

=13.1T.
The magnetic field is directed into the page. The angular momentum is given by L = (mu)r,
L=167x10"kg-22x10° =53 x 107 m = 1.95 x 107" Js.
s

This gives the ratio x = B/L

13.1T 1
= =6.7 x 1031 ——.
1.04 x 1031 J 5 oz

Note: We find the current I = e - v/27r so that for the magnetic field at the center
can be written: B = ppe - (v/277r)/2r = (ugev)/(4nr?). The ratio y can be written
X = (poev/dmr?) - (1/muor), x = (poe)/(4wmr?®). That is, the spin of the electron “sees”
a magnetic field produced by the proton that is proportional to the proton’s angular
momentum: we say that the electron spin is coupled to the angular momentum. This
spin-orbit coupling gives rise to the fine structure of spectral lines.

X

Problem 3.31: At the origin: do = 9.42 x 107" m - cos 53° = 5.57 x 10~ m and
dy =942 x 107" m - sin53° = 7.52 x 107" m. Then

N m?

—(0). - 1.602 1 —19

557 x 10~1'm

0.335-1.602 x 1071 C
7.52 x 10~"'m

} =727x 107 J =4.52¢eV.

Thus we obtain the distance between the oxygen and P: ro = 1.1x107 % m+40.57x10"%m =
1.67 x 1071 m. We calculate the distance between a hydrogen atom and the point P:

g = \/(942 X 10—11 m - sin 530)2 + (11 % 10_10 m)2 — 133 x 10710 .

The electrostatic potential energy follows

N m? (—0.67-1.602 x 10712 C)
EPE, = 8.99 x 10° (—=1.602 x 107 C
r <107 8 ) { 1.67 x 10-0m
0.335-1.602 x 1072 C
=-238x 107" J = —1.48¢V.
1.33 x 1010 m } 8 ¢
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EPE
1. We find the change in electrostatic potential energy EPEp = —1.48 €V,

the potential energy decreases as the electron gets closer to the origin.
min
2. The EPE reaches a minimum EPE,;, < 0. I,D }

3. The potential energy then increases as the electron \ /
approaches the origin, and finally EPEq = 4.5eV.
We find AEPE = 4.52¢eV — (—1.48¢eV) = 6.0eV so that KEp = 9.65 x 10719 ]
= mv%/2. Thus the speed of the electron at the point P follows

2.965x10719] m
= = 1.46 x 105 —.
vr \/ 9.11 x 1031 kg S

Problem 3.32: In the presence of an electric field along the +y-direction, the potassium ion
undergoes projectile motion. We find the time to reach P from the horizontal displacement:
Since v, = v, = const so that x, = v, ot* and t* = x,/v,

0.015m
5413m/s -

We find the vertical component of the velocity at P: v, = v, tan 22° so that
m . m
v, = 5413 " -tan 22° = 2,187 =

Since v, o = 0, we obtain v, = at* and find the acceleration a, = v, /t*,

~ 2817m/s

m
_ =7.90 x 10% =.
Uy 2.77 us % s2

We then find coordinate y, = a,(t*)?/2,

1
vy = 5 790 x 10° ;i; (277 x 107°5)® = 3.0 mm.

The force on the potassium ion follows F = ma = 39 - 1.67 x 107>"kg - 7.9 x 108m/s” =
5.14 x 107" N. We find the magmitude of the electric field £ = F/e,

5.14 x 107N N
= =321 —.
1.6 x 10-19C C
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The trajectory of the potassium ion follows a circle when a magnetic field is present.

Since x, = Rsin 6, we obtain
0.015m
= = 0.040 m.
R T 0.040 m
Thus the center of the circle is Y, = 4.0 cm. We then obtain the

vertical deflection y, =Y, — Rcos 0

yp =40 (1 —cos22°) = 2.9mm

The KT ion travels at constant speed. Since 6 = 0.384 rad and '

region with uniform

s=RO=0.04m-0.384 = 1.54 cm, we find for the time t*: magnetic field
0.0154m
= ——— =284 pus.
5413 m/s H

We find the period of the uniform circular motion, 7' = 27 R /v

B 27 -0.04m

- = 46.4 s,
541315 HE

We obtain mv?/R = evB so that v/R = 27/T = eB/m. We solve for the magnetic field,
B =2mm/eT
2139 -1.67 x 107 kg
© 1602 x 10719C-46.4 x 1055

Note: We calculate the ratio £/B = (321 N/C)/(55.1mT) = 5836 m/s ~ vy.

=55.1mT.

Problem 3.33: The weight of the oil drop is equal to the electric force: mg = |¢F| or

L 1.2x 107 ¥kg-9.8m/s N
E| = = 7.4 x 10" =.

IEl 1.6 x 10-19C Siaae

The electric force is pointed upwards - the electric field points downwards. We find the
electrostatic potential W = Ed, or

N
V =74 x10* G 2o 10?m = 1.8kV.
The electric field points from the higher to the lower potential. The upper plate is at the
higher potential. The capacitance C' = ey A/d follows

~ 8.85x 107"2C*/(N-m?) - 5.5 x 107" m?

C
2.5 x 1072 m

=1.95x 107 F = 0.195 pF.

The charge on the capacitor is then given by QQ = CV/,

Q=19 x10"F-1.8kV=35x10""C =0.35nC.

Problem 3.34: We find the charge on the capacitor: Qg = C'Vy = 8.0uF-12.0V = 96.0 uC,
and the electrostatic energy stored in the capacitor: EPE = V5 Q/2 so that

1
EPE = 2120V - 96.0 uC = 576 puJ.
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We find the time constant 7 = RC', or
T=6.0x10°Q-8.0x 107 °F = 48.0s.

The charge stored in the capacitor decays exponentially with time, Q) = Qg exp(—t/7). We
obtain the charge on the capacitor at the time ¢t = 2.0s:

2.0s
48.0s

Q = 96.0 uC - exp (— ) =92.1uC.

The average current can be calculated from the flow of charge: .. = |AQ/At],

92.1 uC — 96.0 uC
2.0s

Tove = ‘ ’ = 2.0 uA.

The voltage across the capacitor is given by V = Q/C, or

~92.1uC

= 115V.
8.0 uF

Thus, the electrostatic energy stored in the capacitor at time t = 2.0s: Eio = Q V' /2
1
Bl = 592.1uC - (115 V)? = 529.6 puJ.

The change in the electrostatic potential energy is dissipated as heat in the resistor: Fgis =
Etot - Eéot’
FEaiss = 576 uJ — 529.6 uJ = 46.4 pJ.

Alternatively, the energy dissipated in the resistor follows Fgiss 2 Tae V At,
Baiss ~ 2.0 uA - 12.0V - 2.05 = 48 uJ,

as it should! Note that the numbers are not exactly the same because of some approxima-
tions made in the second method.

Problem 3.35: The electrostatic potential at the origin due to the sodium ion is given by
VNa = ke/|zNal,

~8.99 x 10 Nm?/C?- 1.602 x 10719 C

WNa = 145. :
N 1.0 x 108 m >0my
and the electrostatic potential at the origin due to the potassium ion: Vg = —ke/|zk|,
8.99 x 10° Nm?/C?- 1.602 x 107 C
K = . m/ . = —58.0mV

2.5 x 1078 m
Thus the total potential at the origin is given by the sum: V = Wy, + Vi

V =145.0mV + (—58.0mV) = 87.0 mV
The potential energy of the electron follows EPE = (—e)V/,

EPE = —87.0meV = —1.40 x 1072°J,
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and the kinetic energy KE = mv?/2,

KE =

9.11 x 1073t kg (

2
> 2.1 x 10° E) —20%10°20J = 124.8meV.

S

Thus the total energy of electron is £ = KE + EPE, or
E =124.8meV + (—87.0meV) = 37.8meV = 6.1 x 107! J.

The electrostatic potential at x = —2.5nm is gven by Vp = ke(1/|zna — x| — 1/|zx — 2]), or

N m?

1 1
Vp = 8.99 x 10° oz 1602 107 ¢C (

125nm  22.5nm

) =51.2mV.

The electrostatic potential energy of the electron at x is EPE’ = —51.5meV = —8.3x 1072 J.
The kinetic energy of the electron is KE' = E — EPE’ so that

KE' = 38.1meV — (=51.5meV) = 89.6 meV = 1.44 x 107 J.

The speed of the electron followsv’ = /2 KE'/m

2.1.44 x 10-20] m
g = 1.8 x 10° —.
! \/ 9.11 x 1073t kg x s
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Problem 3.36: The protein travels the distance d = 2.4 x 10~2m in the time ¢t = 3.4 -
3600s = 1.22 x 10*s. The drift speed of the protein follows vq = d/t, or

24X 107 m gm0 2

Y 59 < 107 s 5

The strength of the electric field is E = 5.2 x 10> V/m. The net force on the protein is zero,
Fhet = QF — 6mnav, = 0. The radius of the sphere follows a = QF /6mnuv, so that

100 - 1. —19c. 5 2
. 00-1.602 x 1077 C-5.2 x 10 V/m:z3 105,
6m-2.0x 107"m/s

We find the radius of the larger protein a’ = 1.25a,
a'=125-23x10"%m=2.8x 10" m.

We observe that the terminal speed is inversely proportional to the radius. We thus get
vy /vy = a/d, or v, = (a/a)vy,

1 m m
1=—20x10°—=16x10"°—.
U Tas T S
In the time ¢ = 3.4 h, the other protein would travel d = 2.4mm/1.25 = 1.9cm. Thus, the
separation of the two proteinsis A=d —d =2.4cm — 1.9cm = 5.0 mm.

Problem 3.37: Since an electron carries the charge e = 1.602 x 1071 C, the number of
electrons flowing through a cross-section per second follows from the current N/t = I /e,

N, 1.0C/s 18 1
e _ — 6.21 x 10857,
t  1.602x10-19C S

Since each copper atom contributes one conduction electron, the volume per electron is
equal to the volume of a single copper atom is 4wa®/3. This gives the volume flow rate of
electrons: V,/t = (4mwa®/3) - N,/t,

Vo _4 i
= = (036 1077 m)” - 6.2 x 1057 = 121 x 1070 —.
S

The volume flow rate determines the drift velocity of electrons inside the copper wire: V,/t =

Avg, where A = 7(d/2)? is the crosssectional area of the wire. We find the drift velocity of
electrons in copper: vg = (V¢ /t)/A,

1.21 x 1072 m?/s m
= =3.7x 107" —.
Y (2,05 x 103 m/2)? S

We use KE = 3kpT/2 for the kinetic energy of a particle in thermal equilibrium at the
absolute temperature T'. Since T' ~ 300 K, we find vy, = \/3kgT/2m,, or

\/3-1.38 x 10~ J/K - 300K
Uth =

m
=8.3 x 10" —.
2-9.11 x 103 kg S
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Thus, the drift speed of electrons is very small compared to the “typical” speed of an
electron.

Note: The volume of a unit cell of copper is Ven = @® with four atoms in a unit cell. Thus the
volume per electron a®/4 so that the volume flow rate is V. /t = a®/4-N,/t = 7.2x 10~ m?/s.
The drift speed of electrons follows vq = 2.2 x 107> m/s.

Problem 3.38: The rod slides down the track with constant velocity so that the acceleration
is zero. Thus the net force on the rod is zero F,e; = ma = 0. The forces on the rod are (1)
the component of the weight parallel to the incline W) = mgsin 0,

Wi =21 x 103 kg- 9.8 sin13° = 4.63 x 107N,
S

and (2) the magnetic force Fl,, = BcosfIl, where [ is the current through the rod. We
set W) = Fiag and find I = W) /B cos 0l so that

4.63 x 102N

I =
3.2x 1073 T cos13°-0.23m

=6.93A.

We use the RHR to find that the current flows clockwise when viewed from the top. The
voltage across the resistor follows Vg = RI = 4.1mf2-6.93 A = 28.4mV. Because the resistor
is parallel to the rod, we find the induced electromotive force (EMF) & = Vg = 28.4mV.
The electromotive force (EMF) across the rod is determined by the speed of the rod v, is
the speed of the rod £ = Blv cos 6, so that v = E/Bl cosf and find the terminal speed:

- 284 x 1073V
- 32x103T-cos13°-0.23m

v — 4252
S

We note that the terminal speed is proportional to the resistance R of the resistor connecting
the two rails.

Problem 3.39: The change in the kinetic energy of the oxygen ion is given by AKE =
m (v* = v5) /2,

16 - 1.67 x 10~k 2 2
AKE — 19 67; 0 g[((isoo?) —(4300?) 1 —37x10797.

The conservation of energy yields: AKE = —AEPE. Since AEPE = gAV = (—¢)AV = eV,
we find Vy = —AKE/e:

3.7x 1071
Vo 1.602 x 10-19C 3V

The capacitance of the parallel-plate capacitor follows C' = ¢y A/d

C?  0.15m?
Nm?2 0.08m

C =8.85x 107" =1.66 x 107 F.

The voltage across the capacitor is AV = 2V, = —4.6 V. The charge on the capacitor follows
Q=CV,
Q=166x10""F-46V="76x10"""C.
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Since the positively-charged oxygen ion travels to the left plate, Az = —0.04m, the left
plate is negatively charged. Since magnitude of the electric field is determined by the applied
voltage V' and the distance between the plates d, E = V/d, we find

46V VvV
= oosm 00w

We find the acceleration of the electron a = eE/m, or

_ 1.6x107°C-57.5V/m

a =

m
=34x10%=.
2.7 x 10726 kg x s?

We write the displacement along the z-axis: Az = vyt — at?/2 so that vy, = Ax/t + at/2:

40x102m 1 m y .

We find y-component of the initial velocity vy, = y/v§ — 3.,

Vo,

2 2
vow = 1/ (43 %103 2) — (36 x 103 2) =24 x 102,
Y S S S
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The displacement along the y-axis [perpendicular to the electric field] follows Ay = vy, At,
Ay=+424x10*2 .80 x 1055 = £1.9cm.
s

Note that the sign of the vertical displacement Ay is not determined.

Problem 3.40: We find the area A = 772 = 7(5.0 x 1072 m)? = 7.9 x 10~* m?. We find the
magnitude of the magnetic flux, |®| = BA,

@] =2.0T-79x10%m? =1.6 x 107 2T - m*.

Since the coil is flipped around, the change in the magnetic flux: A® = 2BA. Faraday’s law
then gives the induced EMF: |£] = AD/A¢L,

2.1.6x 10T - m’
&] = . M 63x1072V.
0.5s

We find the power P = V?/R so that

(6.4 x 1072 V)2

=4.1x1072W.
0.1 < 1077w

P =

The energy dissipated in te wire loop is given by Qg = PAL,
Qaiss = 4.1 x 107°W-0.55 =2.1 x 1072 J.

The dissipated energy is independent of the direction of the current. This energy is supplied
by us, as we twirl the loop (one feels ‘resistance’” when cranking the coils inside an electro-
motor).

Note: We assume that the induced EMF is constant. If the wire loop is rotated at a constant
angular speed, the dissipated power is greater by a factor 72/8.
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Problem 4.1: Since the tension in the string is F' = mg = 1.18 N, we find the wave speed

along the string v = \/F/m/L

1.18 N 95 7m
v = = 925.7—
(1.5 x 103 kg)/(0.84 m) S

We use the condition L = 3A/2 so that A = 2L/3 = 2-0.84m/3 = 0.56 m. Since v = \f,
the frequency of the harmonic motion of the beads follows, f = v/A,

~ 25.7Tm/s

_ — 45601
J=5em — POHz

The up-and-down motion of the string is harmonic [oscillatory]. Since the amplitude is
A=4mm = 4.0 x 10~*m, we find the speed in transverse direction:

Ve = WA = 2745.6571 - 0.004m = 1.15
S

and the acceleration:

Qe = (27 -45.6571)% - 0.004m = 328 =
S

The acceleration at the nodes is zero so that average acceleration is half of its maximum

value: )
328m/s m
ave 2 ————— = 164 —.
“ 2 52

The mass of one loop is one-third of the mass of the entire string m’ = 1.5g/3 = 5.0x10~* kg.
We obtain an estimate for the force in up-and-down direction:

Fup-down = M Gave = 5.0 x 10 kg 1648%1 — 0.083N.

We compare with the tension in the rope:

Fup—down  0.083N
m T 118N

That is, the force in up-and-down direction exerted by the vibrator is about 7% of the
tension in the rope. This seems reasonable.

Problem 4.2: The distances are determined by half the travel time of the echoes: d = vt/2,
so that

1,540m/s - 5.2 x 10755

dl = B :0040m,
1,54 - 9. 107°
4, — ,540m/s 296>< 0 S:0.074m.

We obtain the size of the organ d = dy — dj,

d=0.074m —0.040m = 0.034m = 3.4 cm.
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The frequency of the ultrasound is given by f = v/\,

Fo 1.54 x 103m/s
5.6 x10~4m

=2.75 x 10°Hz = 2.75 MHz.

The period follows T'=1/f,

1

T:—:. 1_7
575 % 1085 O x 10T

Since A = 9.6 x 107°s — 5.2 x 107°s = 4.4 x 107°s, we find the number of oscillations
n=At/T,

 44x107%s
S 36x1077s
Note that the time delay is measured based on the number of oscillations emitted.

n 121.

(]
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Problem 4.3: The wavelength follows from the condition:

A3 = v/ f3, or /-\
4 .
Ny = SEBmMssos

* 7~ 576 Hz \
Since L = 3\3/4, we obtain the length of the organ pipe: LT -
3
L= 1 0.595m = 0.447 m.

The longest wavelength follows from L = \|/2 so that
A;=2-0447m = 0.893m,
so that for the frequency f] = v/\],

343 m/s
0.893m

fl= — 387 Hz.

Problem 4.4: We find the wave speed from the depth of water v = v/gd so that

m m
v = \/9.8—2-0.45,m: 1.2 —.
S S

Colby and Harry are a wavelength apart: A = 1.61 m. Then for the frequency f = v/\,

- 1.2m/s
~ 1.61lm

The period is given by T'=1/f = 1/(0.75s7!) = 1.34s. The number of crests hitting their
legs follows

= 0.75Hz.

60s

_ — 447 ~ 45,
" 134 745

We find the wave speed in the deeper water: v' = \/gd = \/9.8 m/s” - 1.3m = 3.6 m/s. Since
the frequency is fixed, we find the wavelength:

v 3.6m/s
N=—=_"T""-=4
F T 07s1 8w

We obtain A/d ~ 3 so that d ~ X' /3 and Harry is close to a trough.

Problem 4.5: We calculate the mass per unit length m/L = (4.2x107* kg)/(2.0x 1072 m) =
2.1 x 1072 kg/m and find the wave speed v = \/T/(m/L),

6.2N m
2.1 x 1072kg/m S

We obtain the frequency f = v/ so that

_17.2m/s

f =55 =505 Hz.

Download free eBooks at bookboon.com



Because the motion of each bead is oscillatory, the maximum speed of a bead depends on
the amplitude and angular frequency vy,.x = Aw so that

Vo = 4.1 x 10~ m - 27 50.5Hz = 1.3 2.
S

Similarly the maximum acceleration is given by amax = w?A so that the force on a bead
follows F' = ma,

F=42x10"*kg- (2r50.5Hz)” - 4.1 x 10> m = 0.17N.

Problem 4.6: Since f = v/2L, the wave speed follows v = 2L f,

v=2.014m 96 Hz = 26.9 =
S

Since the wave speed is given by v = /T/(m/L) so that the tension in the string follows

To = (m/L)v?,

s ke
m

m 2
Ty=14x 10 (26.9 g) —1.0x 1075 N.

The wavelength is given by A = 2L. The largest frequency follows from the shortest wave-
length:

26.9m/s
max — o A Ane . 141.6 H s
Jmn = 575,005 m ’
and the smallest frequency is determined by the longest wavelength:
26.9m/s
n=————— = 69.0Hz.
Juin = 570 195 — 000

Reducing the tension by 20% yields the smallest tension T, = 0.8 Ty = 0.8 x 107> N and
Tax = 1.2T5 = 1.2 x 1075 N. We find the smallest frequency from the smallest tension and

longest string:
1 0.8 x 105N
min — =61.3H ,
fuin = 57 0.195m\/1.4 x 10-8kg/m i

and the largest frequency from largest tension and shortest string:

| 1.2 % 10-5N
Funax = \/ x 10 — 154.0 Hz,

2-0.095m \/ 1.4 x 10~8kg/m

Problem 4.7: The frequency from the wave speed and the wavelength when the boat is
anchored: f = v/A = (16.5m/s)/(40.0m) = 0.41 Hz. We then find for the time between

crests T'=1/f,
1

T —
0.41 Hz
The observer [ship] travels towards the stationary source. We find the observed frequency

fo = fs (1 + UShip/U)a

=24s.
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5.0m/s
,=041Hz (14— ) = 0.53Hz.
fo=0 Z < +16.5m/s> 0.53 Hz
We find the time between crests 7)o = 1/ f,,
T ! 1.87
b= = 1.87s.
0.53 Hz

We find the period from the number of crests per minute: 77 = 60s/22. We thus find the
frequency f, =1/T.,
22
/= — =0.37Hz.
Jo= %05 ’

Note that f/ < f, so that the ship is traveling east-ward. We find the ratio of the frequencies,

f, 0.37Hz
f  0.41Hz

Since f/f = 1 — viy,/v, we find v, /v =1—0.89 = 0.11, so that the speed of the ship
follows

’ m m
Vi = 0.11-16.5 — = 1.82 —.
ship S S

Problem 4.8: We calculate the period of the ultrasound:

1 1
T: —_— D .
f 3.0 x105Hz

Thus, we get the time difference At = nT,

=3.33x 10 "s.

At=84-333x10"s=28x10""s.
We find d = v - At,
d=1,5402.2.8 x 1055 = 4.3 cm.
s
The size of the organ is d/2 ~ 2.2 cm. We find the wavelength A = v/ f,

~ 1540m/s
3.0 x 106 Hz

~ 0.5 mm.

The smallest organ that can be detected has size d’ >~ 2\ ~ 1.0mm. The time delay follows
At =2d' /v =2\/v =2/ f, and the number of oscillations follows n’ = 2 At'/T,

n’:2fAt’:2f~;:4.

That is, about four oscillations.

Problem 4.9: We find the intensity S = o7,

W -+ (450 K)* = 2325 W

m2 m2’

S =5.67x1078
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Since S = cu, the energy density follows u = S/¢:

2325 W /m>

J
= I 775 x 1078 =,
“ 3.0 x 108m/s % m?3

The total (electric plus magnetic) energy density is determined by the strength of the electric
field: ©w = ¢y E2 . so that

75 x 1076 J /m® N
B, = u 7.75 x 10 2J/m _o36 Y
€0 8.85 x 10712C* /(N m?) C
The volume of the oven is given by V = 0.6m - 0.4m -0.5m = 0.12m3. We find the total
energy of the electromagnetic radiation inside the oven U = uV/,

Urad = 7.75 x 107° 13 -0.12m* = 9.3 x 1077 J.
m
We treat air as an ideal gas: Uy, = (5/2)nRT = (5/2) PV so that
Ui = 21.0 x 10°Pa-0.12m* = 3.0 x 10* J.

Thus, the heat contained in the air is much bigger than the energy of the radiated
electromagnetic wave.

Note: That’s why convection ovens are helpful since air is circulated around and thus also
contribute to heating the food.
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Problem 4.10: We start from the power of the lens in the eye: P = 1/f and the image
is formed on the retina: d; = 0.018 m. The minimum power P,;, yields the farthest object
distance

r - 1 1

domme 0 T 0.018m  2.25m’

while the maximum power P, gives the closest object distance
- - 1 1

domn 0 T 0.018m  04lm’

We identify these distances with the near- and farpoints:” Colby’s nearpoint and farpoint
are 41 cm and 2.25 m from her eyes, respectively: she is both near and farsighted and wears
bifocals. For the distance correction [nearsightedness - upper part]: We find the top-part
(for distance): the object is infinitely far d, = oo and and the image is at her farpointd; =
—(2.25m — 0.02m) = —2.23 m. Inserted into the lens equation gives 1/f = 1/d, + 1/d;,

1 1
fiop  (—2.23m)

For the reading correction [farsightedness - the lower part]. The object distance is the
distance from the book to the eye glass: d, = 0.2m — 0.02m = 0.18 m and the image is
formed at her nearpoint: d; = —(0.41m — 0.02m) = —0.39m. The lens equation gives
1/f=1/d, +1/d,,

= —0.45m™ "

1 1 1
= + =+3.0m™".
Fooom  0.18m | (—0.39mm) o

When she looks at Harry [object] an image is formed on her retia by adjusting the power
of the lens in her eyes. The object distance is now given by: d, = 2.0m — 0.02m = 1.98 m.
Colby looks through the top part of her bifocals. The image distance of the (intermediate)
image formed by divergent lens is:

1 1 1

— = -045m ! — = .
d; M T 198m —1.05m

This intermediate image is the object for the lens in her eyes: d, = (1.05m + 0.02m) =
1.07m. Since the image is at the retina d; = 0.018 m, so that the necessary power in the
lens in her eyes follows from the lens equation 1/f = 1/d, + 1/d,,

| | |
= =56.5m™*
e 107m ' 0.018m e

so that Ppin < P < Ppax, as it should.

Problem 4.11: We find the wavelength from the speed of light and the frequency: A = ¢/ f,

~3.0x10%m/s

= Bo5x10dgT  orimm

Since the direction of the first minimum is given by sin € i, = A/2d, we find

5.71 x 107" m

=82x 1073
2-35x 10 5m %

sin el,min =
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The coordinate x of the first dark fringe follows: z = D tan 0; iy,
r~1.5m-82x 107 = 12mm.

We now consider the situation when double-slit experiment is immersed in fluid. We find

0" ~ tanf’, or
9mm

= 1500 mm
The wavelength of light follows X ~ 2d#’,

o' =6.0 x 1073,

N~2.35%x107°-6.0 x 1072 = 420 nm.

The speed of light in the fluid is then given by v = X f

0=42x10"m-525 x 1045 =22 x 1082,
S

The index of refraction n = ¢/v follows:

~ 3.0x10°m/s

S A 1)
" 02 % 10%m/s
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Problem 4.12: We find the smallest wavelength: A\yin = v/ fimax,

343m/s

Amin = =5.25
65451 o
and the longest wavelength: Apax = v/ fiin,
343m/s
Amax = ———— = 10.5
32,751 m

Since L = A/2, we obtain the smallest and largest pipe to produce Ci:
Liin = 2.62m Liax = 5.25m.

Since L = A/2, we get Apin = 0.32m and Apa.x = 2.8m. Thus the range of frequencies
follows Enin/max = U/)\max/milu

4 4
BB/ oo s F = SBWS o,

Fmin =
2.8m 0.32m

The lowest complete octave is Cs [Small]. Organs are not suitable instruments for home
use unless one has a living room that is a replicate of a music hall.

Problem 4.13: The diameter of the telescope D = 6.0m limits the resolving power:
1.22\/D = 2r/R, where r is the radius of the exoplanet and R is the distance to the
Earth. We solve the diameter of the planet 2r = 1.22 (A\/D)R,

-7
or = 12223 X0 10 = 2.9 % 107 m = 2.95 x 10° k.
6.0 m
This planet would be 21-times larger than planet Jupiter. We solve for wavelength A =
(D/1.22) 27,/ R,
N 6.0m 2-70 x 10°m
© 122 2.74%x10%m

This would be in the X-ray part of electromagnetic spectrum. Finally, we obtain the distance
to the Earth R = 2r - (D/1.22 ),

= 25 nm.

6m

: =1.3x 10" m.
122 53 x 10 "m xAm

R=2-70x10°m

This is about 5% of the distance to Proxima Centauri.

Problem 4.14: The blackboard is the object so that the object distance follows d, = 2.28 m.
The prescription gives the focal length, 1/f = —0.75m™'. The image distance follows

1/d;=1/f —1/d,,
1 _1 1 1
4 M e T T osdm
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Thus, the far point is 86 c¢m in front of her eyes. The intermediate image is the obect for
the lens in her eyes so that the object distance is d/, = 0.86 m. The image is formed on her
retina: d; = 0.019m. The strength of the lens in her eyes follows form the lens equation
1/f=1/d, +1/d,,

: ! + ! 53.8 diopt

== = 53.8 diopters.

f 086m ' 0.019m P
Colby now looks at the lighthouse which can be considered as being infinitely far away
d, = 00. The lens equation then gives 1/d; = 1/f so that d = f, or

Thus, the image is formed 0.05-mm in front of her retina. The image is not formed on
the retina; Colby sees the Lighthouse “fuzzy.” We find the object distance: d, = oo and

d; = —0.84m so that

1 1
- =0+ ——— = —1.2diopters.
7 + (=0.84m) lopters

Problem 4.15: Elementary geometry yields the distances:

54 d1
dy = 3.0cm - tan54° = 4.13 cm, s
3.0cm
and 10
.U cin air
2 cos b4° o rZT\1.0cm

The refracted angle follows:

d1 — dg 4.13cm — 1.70 cm
tan By = - — 081
M2 T3 0em 3.0cm 081,

so that 0y = 39°. We use Snell’s law, sin 54° = n sin 39°, to find the index of refraction:

"
p= SO o)
sin 39°

We find sin €, = sin 64°/1.29 so that 0, = 44°. Then

d; = 3.0cm - tan 64° = 6.15 cm.

and
dy =d; —3.0cm - tan 44° = 3.25 cm.

The thickness of the slab follows:

d =dj-cos64° =1.4cm.
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Problem 4.16: Step 1: Since the (virtual) image is smaller in size, the image is closer to
the lens than the image: the lens is divergent:

i

object image

f—]

5cm

Step 2: Draw ray #3: the intersect with the principal axis gives the position of the lens.
We find d; = —6cm and d, = 18 cm

lens

3

object image

ke

5cm

Step 3: Draw the outgoing ray #2 and find the intersection with the lens. Now
draw the incoming ray #2. The focal length is f = —6cm

lens

) /.
object image

k—

5cm

Step 4 (not necessary): Draw the incoming ray #1 and find the intersection with the lens.
Now draw the outgoing ray #1. The focal length is f = —6 cm

lens

3

1

) /.
object image

f—

5cm
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We obtain d, + d; = 5cm. We then find (we drop the units!)

1+ 11
d, 10—d, -6
so that
d? — 5d, — 30 = 0.

The solution of the quadratic equation is:

b+4/25—4-(-30) 5+12 { 14.2
do:l:: = -

7 2 a 2 _42 lens
1
We find d, = 8.5 and d; = —3.5. The magnification follows m = —d;/d,
2
(—3.5cm) /1\
= —— = 41 objec
m 8.5cm 041, blect / -
image 3
and the image height is given by h; = 0.41 - 15cm = 6 cm.
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Problem 4.17: The image is formed on the retina so that the image distance is given by
d; = 0.021 m. The farpoint is determined by the minimum power of the lens in the eye. We
use the lens equation 1/dg,y = P — 1/d;,

1 1
=47.6m™ ! — =0
o T 0020m

so that the farpoint is at infinity: dg,, = co. Similarly, we find the near point is determined by
the maximum power of the lens in the eye. We use the lens equation, 1/dyecar = Puax — 1/d;,

1 1
=495m ! — =
Ao M T 002lm - 053m’

so that the nearpoint is dye,r = 0.53m. Harry is farsighted. Harry needs a prescription to
read. The object distance is given by the desired reading distance, d, = 25cm — 2.0cm =

23.0cm and the image by the correction lens is formed at the nearpoint d; = —(53.0cm —
2.0cm) = —51.0cm. Then the power of his prescription is given by the lens equation

1 1 1

- + = +2.4 diopters.

f023m ' (—0.51m)

Problem 4.18: We find the drawing:

object object
) 3 image
T Image ......"‘.I?Qcalpoint
We read-off the focal length f = —7.0cm. The separation between object and image is
given by d, — d; = 8.0cm, and the magnification is m = 2.0cm/3.0cm = 2/3. Since the
magnification is also given by the ratio of image and object distances m = —d;/d,, we find
d; = —(2/3)d,. It follows
2 5
do - (—gdo) = gdo =8.0cm

so that d, = 4.8cm and d; = —3.2cm. We find the focal length,
1 1 1 1

f 48cm * (=32cm)  (=9.6cm)’

This is in roughly in agreement with the drawing. We obtain the image height A, = 1.0 cm
so that the magnification follows

,  10em 1

m = = —.
3.0cm 3

We find d, /d; = —1/3. Inserted into the mirror equation:
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L (3y_ 2 1
d, d) d (-9.6cm)’
so that d) = 19.2cm and then d; = —19.2cm/3 = —6.4cm. We thus have to move the

object 14.4-cm further away from the mirror. If we use instead f = —7.0cm, we get
d! =14.0cm and d" = —4.7 cm.

Problem 4.19: Since ¢ = Af, the wavelength follows A = ¢/ f,

3.0 x 10®m/s
= T 682nm.
44 x 101 g1 —
We find the resolving power 0, = 1.22\/D
6.82 x 107" m
Opin = 1.22 —— "~ — 462 x 10" *rad.
18 x10%m A

We obtain the angle 0., = d/L, where L is the distance between the observer [you] and the
car. Thus

d 1.3m
Omin 462 x 1074

In the case when the pupil is enlarged three times: D’ = 3D(= 5.4mm). Then €/ . = 6,,i,/3
so that L' = d/#0!

min’

L= = 2.34 km.

L'=3 =3L ="7.0km.
emin
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Problem 4.20: The upright image is virtual. Since the image is
behind the lens/mirror, a concave mirror is inside the black box.
Step 1: Since m = h;/h, = (5cm)/(2cm) = 2.5 = —d;/d,, we flip
the image about the principal axis and connect it with the object;
the intercept with the prinicpal axis is the location of the mirror.

object

Step 2: We draw the continutaion of the reflected ray 2 and Ry
ay

find the intercept with the concave mirror. We then connect
the intercept with the object; the intercept with the principal ;
Focal Point

axis is the focal point F'. We measure f = 3.2 cm.

image

Concave
mirror

object

Step 3: We draw the incident ray 1 and find the intercept
with the concave mirror. We then connect the intercept
with the image as the continuation of relected ray 1.

Concave
mirror

)
Ray 1//' object

Step 4: We draw ray 3 by connecting the object and the image,
and find the intercept with the principal axis: this is the center
of the mirror. We measure R = 6.5cm. Thus f = R/2.

]

image

Concave
mirror

We use the the magnification equation m = h;/h, a7 object

5cm
m =
2.0cm

=25,

Since m = —d;/d, we find d; = —2.5d,. The distance between
object and image is given by A = 8.0cm = d, — d;

=d, — (—2.5d,) = 3.5d, so that

~ 8.0cm

do
3.5

= 2.3cm,

and
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We now use the mirror equation to find the focal length 1/f = 1/d, + 1/d;, or
1 1 1 1

f 23cm i (—5.7cm) T 39cm’

Problem 4.21: We calculate the strength of the magnetic field from the strength of the
electric field By = Fy/c, so that

750 V/m

= 1 —925x%x107°T.
3.0 % 108 m/s 8

0

We find the rms-value: £ = Ey/v/2 = 530.3V/m. The energy density follows u = ¢y £,

C? N 2 J
o —12 _ —6
u = 8.85 x 10 N (530.3 6) —25x 10 —

We then find the intensity S = cu,

S=30x10°2.25x 10*6%:747E2.
S m m

The power delivered to the ice cube follows P = S A,
W —4_ 2 —2
P=747T— 1.0 x 107" m” = 747 x 107" W.
m

The mass of the ice cube is given by m = pV = 917kg/m® - 1.0 x 107%m? = 9.17 x 10~*kg.
This gives for the necessary heat to melt the ice ) = mlL,

J
Q=917 x 107*kg - 33.5 x 10* e = 307J.

Thus the time necessary to melt the ice follows t = Q/P

307J

— =4.1x10%s.
TATx 102W XS

That’s about 1.1 hours! This is much longer than what is observed if an icecube is left
on a kitchen counter; in our calculation we ignore the heat delivered to the icecube by the
ambient air.

Problem 4.22: The image is virtual so that the object must lie within the focal length:

R 145
0<d0<f:§: 2cmz7.25cm.

Since d; < 0, we find the distance between object and image d, — d; = 21cm so that
d; = d, — 21 cm. We drop the units and find 1/d, + 1/(d, — 21) = 1/7.25, or

7.25-(2d, — 21) = d? — 21d,
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or d? — 35.5d, + 152.25 = 0. The roots are

do:l::

’ 2 2

—(—35.5) £1/(—35.5)2 —4-152.25 355+26.5 { 5.0
- ~ ] 31.0

Thus d, = 5.0cm and d; = 5.0cm — 21.0cm = —16.0cm. We find the magnification
m = _di/dm
(—16.0cm)
= =32
m 5.0 cm 32,

so that the image height follows h; = mh,,

h; =32-24cm = 7.7cm.
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Problem 4.23: We find the distance between lines: d = 1cm/8600 = 1.16 x 1075m. We
find sin@ = mA/d. For 6 = 90°, we get 1 = mA/d so that the shortest wavelength determines

the largest order:
d 116x107°m

—=—— =20
A 40x107"m
We observe two orders. The diffraction angle of the red line in first order is given by

7.0x 107" m
1.16 x 10-6m

Sin 01 yeq = 1 = 0.60,

so that 6} ,eq = 37.1°. Similarly for the violet line in second order:

4.0 x 107" m
i evioe =2 —:0697
S P2kt = 2T 6% 100 m
so that 02yiclet = 959.9°. Since 01,64 < O2violet, the orders do not overlap. We obtain

1 =m'Aea/d so that d' = m/Aq, or

lcm

3571
Thus, the diffraction grating has about 3500 lines per centimeter.

d=4-70x107"m=28x10"%cm

Problem 4.24: Harry’s farpoint is given by Dg,, = 1.02m and and the nearpoint is D ,c., =
25.0cm. We find the minimum power of the lens in his eyes:

1 1

Rnin arry — = . _la
Hawy = 7o T 0.018m 000
and the maximum power of the lens in his eyes:
1 1
P, = =59.5m™ .
maxHarry = oe T G 0Tem oW
For Charlie: farpoint is Dy, = oo and her nearpoint follows from
1 1
=1.0m ! — =-3m*
Do 200 " G — T

so that
Dipeor = 0.33m + 0.02m = 0.35m.

We thus obtain the minimum power of the lens in her eyes:

1

Prin,Charlic = = 55.5 Hlil7
Charle 70,018 m
and the maximum power of the lens in his eyes:
1 1
Pmax,Charlie - + = H&4 m_l

0.3bm  0.018m
For Harry: The object is farthest away when the image is at the far point:

1 1

=1.0m™*
Trnax + (—1.0m) mo
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so that .« = 0.5m and the farthest distance is 52.0 cm from the eyes.
The object is closest when the image is at the near point:

1 1 1
+ =10m ",

(—0.23 m)

Lmin

so that xy;, = 0.19m and the closest object is 21 ¢m from the eyes.
For Charlie: The object is farthest away when the image is at the far point:

11 »
+—=-10m",
xmax OO
so that z,., = —1.0m. Recall that x is the distance from the eyeglases and thus must be

positive. We conclude that the farthest distance is infinitely far from the eyes.
The object is closest when the image is at the near point:
1 1

=—-1.0m™"
T 033w e

Lmin

so that z,;; = 0.25m and the closest object is 27 cm from the eyes.

Problem 4.25: Since tanf = 8.2m/16.5 = 0.5, the angle follows 6 = 26.4°.
We obtain the distance traveled on the beach and in the lake:

9.3m 7.2m
dpeach = ———— = 10.4m, Aiake = ———— = 8.0m.
beach cos 26.4° m lak cos 26.4° m
We find the times on the beach and in the lake:
10.4 8.0
M 198, e = — — 645
1.25m/s

Thus the total time ti5ta1 = theach +take = 1.2846.4s = 7.6s. The index of refraction follows
n ~ 1/v so that sin 6y /vy, = Sin 03 /Vswim- SINCE Vpyn /Vswim = (8.9m/s)/(1.25m/s) = 7.1, we

find: )
_sint,

X =71

sin 62
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We use z [m] where the lifeguard enters the lake. We find

10
ino € 9
sinf; = ———, |
L VR :
. 82—z 6
sinf, = = = X s
V722 + (8.2 —1) N
We thus arrive at the ratio x(z): z :
L
x .\/7.22+(8.2—x)2. o i ; L

x(z) =

1v/9.32 4 22 82—z X

We evaluate the RHS in Ezcel and solve the (nonlinear) equation
numerically. We read off from the graph:

¥ = 7.55m.

We obtain the distance traveled on the beach:

Dieach = 1/ (7.55m)2 + (9.3m)2 = 12.0m,

and in the lake

Diae = V/(82m — 7.55m)2 + (7.2m)2 = 7.3 m.
We find the time on the beach:

12.0m
Theach = = 1.3s,
beach 8.9m/s i
and in the lake: 79
2m
e = ——— = 5H.8s.
ke = 95 s~ 008

The total time follows Tiotar = Theach + Llake,

Tiotal = 1.35 +5.8s = T7.1s.

Problem 4.26: The wavelength in air is Ay = vai/f = (343 m/s) /(41 x103s71) = 8.37 mm.
The condition for destructive interference is dy —d; = A\/2 = 4.2 mm so that for dy = 4.64 cm,

=B

z = +/(4.64cm)? — (4.2cm)? = 2.0 cm.
We find the times t = d/vy:

0.042m 0.0464m
- =0.122ms, lp=——
343m/s 343m/s

1 = 0.135ms.

23 find the time delay At =ty —t; = 0.013ms. We compare with the period T'=1/f,

1

221
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We now consider when the water-filled vial is placed between #1 and the microphone. The
time to = 0.135ms is unchanged. For #1:

, 0.042cm —0.0165m  0.0165m

t = — 0.085 ws.
! 343 m/s T 1297 mys e

We find the time delay between the arrival of the ultrasound pulses from #1 and #2,
At =ty —t],
At' = 0.135ms — 0.085 ms = 0.050 ms.

We find At' = 2T so that we now have constructive interference at the location of the
microphone.

Problem 4.27: The intensity is determined by the energy density: S = cu. Since 1cm? =
107*m?, we find u = S/c,

250 W/m?

J
= PN g3 1077
YT 30x 108 m/s 8 m3

The energy density is determined by the electric field: u = ¢gE? so that E = \/u/eg

8.3 % 10-7J/m® N
E = = 306.2 —.
\/8.85 x 10712 C?/(Nm?) C

The radius of the spot is A = ma? = 7(2.4 x 107> m)? = 1.81 x 107° m?. Thus the power is
given by P = SA, or

W
P=250— 181 x 107°m? = 4.5mW.

m?2

The energy [“heat”] follows @) = P - At

Q=45x102W. -75x10%s=34x10"*1J.
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lens 1 lens 2

Problem 4.28: We find the drawing. Both lenses are converging.
The focal length of lens is f; = 14/9cm = 1.6 cm and for lens 2:
fo=110/44 cm = 2.25 cm. The distance between the two lenses

is D = (115/21) cm = 5.8 cm. The object distance is
d, = (14/3) cm = 4.67 cm and the (final) image distance is object  intermediate
d; = 7.4cm. When we move the object to the left, we find image

doo =4.6cm+ 1.0cm = 5.6 cm so that

1 1 1 1

d;,  16cm b56cm  22cm’

so that the image distance follows d;; = 2.2cm. It follows that the object distance of the

intermediate image is d;, , = 5.8 cm—2.2cm = 3.6 cm. The image produced by lens 2 follows:

1/d;,2 = 1/f2 - l/d/o,27
17 1 1 1

di 2 " 24cm  36cm 7.2cm’

so that the image distance of lens #2 follows d; , = 7.2cm. We find the positions along the
principal axis with Zopject = 0 [my choicel]

Lintermediate — 5.6cm 4+ 2.2cm = 7.8 cm,
Timage = 9.6cm +5.8cm + 7.2cm = 18.6 cm.

Problem 4.29: We find the focal length of the concave mirror f = +R/2 = 6.0cm. The
object distance is d, = 8.5 cm, we use the lens equation: 1/d; =1/f —1/d,,

1 1 1 1

d; " 60cm  S5cm 20.4cm’

so that the image distance for the concave mirror follows d; = +20.4cm. We find the
magnification: m = —d;/d, = —20.4cm/8.5cm = —2.4, so that the image height follows
hi =m- ho

hi = (—=2.4)-3.0cm = —7.2cm, (concave).

We repeat for the hemisphere turned around. The focal length of the convex mirror f =
—R/2 = —6.0 cm. The object distance stays the same, d, = 8.5 cm, so that the lens equation

1 1 1 1 ( )
— = — =— convex
d; (—6.0cm) 85cm 3.5 cm ’

so that the image distance follows d; = —3.5cm. We now find the magnification: m =
—d;/d, = —(—3.5cm)/8.5 cm = +0.41 so that the image height yields h; = m - h,,

h; = (+0.41) -3.0cm = 1.24cm, (convex).
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We generalize for the second object at an unknown distance from the hemisphere. We find
the magnifications Meoncave = —TMeconvex- We find the ratio of the image distances deoncave
and dconvex: dconcave/do - _7dconvex/do> so that

1

dconvex - _? dconcave-

We now use the mirror equation twice. Since f = £R/2, we find the condition:

1 2 1 2 7

- )
do R dconcave R dconcave

We find the image distance for the concave mirror:
dconcave =2R =24.0cm.

The object distance is thus given by
1 1 1 1

d, ~ 60cm  240cm  80cm’

so that d, = 8.0 cm We thus find the magnification meopcave = —(24.0 cm) /(8.0 cm) = —3.0.
Since mconcave - hconcave/hoa We ﬁnd the ObjeCt height hO = hconcave/mconcaV67

—7cm

he =
-3

= +2.3 cm.

Note that the object height must be positive - objects are (always!) upright.

Problem 4.30: We start from the resolving power:

A 5.5 % 107" m
=122 =122—"—"" "~ — —67x 1078,
0 i) 10m 6.7 x 10

The distance between observer [the telescope on Mauna Kea] and the object [on the Moon]
matters. We find A = 3.84 x 103 m. We use 6 ~ H/A, we find H = A - 0,

H=384x10°m-6.7x 107® = 26.3m.

We can thus see objects on the Moon that are greater than 26.3 m, of about 90 ft.
Note: Two telescopes can be linked ‘interferometrically,” the resolving power is much greater
since the “effective” diameter is approximately the distance between the telescopes.

Problem 4.31: Since f = ¢/, the frequencies follow

3.0 x 103 m/s
Jo= G55 x 109 o3 x 10T H
and 3.0 x 108
po 20XA0Tms e 0t

660 x 109m
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We find the frequency if the observer is stationary: f = fo/(1 £ vs/c), where +/— if the
source (star) is moving away /towards from observer (Earth). Since f < fy, it follows that
the star is moving away from the Earth. We find v/c = fo/f — 1,

v 4573 x 104z
- = —~1=6.16x10"3
¢ 4.515 x 101 Hz 6.16 > 1077,

this gives for the speed of the star:
V=616 x 1073 -3.0 x 10° 2 = 1.85 x 106 2.
s s
or v = 1850 km/s.

Note: This is a typical for the speed of a galaxy in the Virgo-cluster and reflects the
expansion of the universe.

Problem 4.32: The diffraction angle follows from the geometry of the

rooms tanf = (4.2m/2)/(3.8m) so that § = 29°. Since tanf = \/D, Dl

where D = 1.2m, the shortest wavelength follows A, = D sin @, a8

Amin = 1.2m - 0.48 = 0.58 m. —

The range of wavelength follows
0.658 m < A < o0.

Since f = v/\, we can hear frequencies that are smaller than a cutoft:

v 343m/s
Amin  0.58m

fmax - = 589.6 Hz.

We can thus hear frequencies 0 < f < 589.6 Hz, or the tones As, Cy, Dy, G4, Ay, and Cs
land perhaps Ds]. We obtain the upper bound of the frequency f! ..~ 350Hz [< 220 Hz|.
Thus, we obtain the lower bound of the wavelength: A . =v/fl...

,  343m
min 350 Hz

We find the new diffraction angle: sin@ = X'/D = 1.0m/1.2m = 0.83 so that § = 56.0°.
We change the size of the room L'. We find tan¢’ = 1.5 = (L'/2)/3.8m

L'=2-15-38m=11.4m.
Note: As an additional benefit, we get bigger rooms!

Problem 4.33: We find the speed of the surface waves inside

the bucket: v = \/gd,
v=1/98=-0.24m = 1.53 .
S S

The diameter of the bucket determines the wavelength:
D = \/2 so that A = 2D
A=2-0.54m = 1.08 m.

54 cm
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We find the frequency f = v/),

_ 1.53m/s

_ _ 1.42Ha.
/=T 08m Hz

The frequency of the surface water waves is the frequency of Harry’s leg movement while
walking. The period follows T'=1/f,

1

=~ Tom s

We assume L = 0.8 m for the stride length of Harry. The speed of walking is determined by
the stride length and the period: vywaking = L/T,

0.8m m

VUwalking = m =

S

Note: Our solution makes the assumption that the water wave is linear, which requires that
the amplitude of the standing wave is much smaller than the depth of water.

This phenomena is called sloshes and is a problem for tanker trucks and railroads. In lakes,
it is called seiches. The term was promoted by the Swiss hydrologist F.-A. Forel in 1890,
who was first to make scientific observations of the effect in Lake Geneva.

“I studied
English for 16 -
years but...
...I finally

learned to

speak it in jus
Six lessons”

Jane, Chinese architect

OUT THERE

Click to hear me talking

before and after my

unique course download

226 Click on the ad to read more
Download free eBooks at bookboon.com



http://s.bookboon.com/EOT

Problem 4.34: Since the object is infinitely faw away d,; = 0o, the image produced by the
first lens is at the focal point d;; = f; = 4.0cm. We find the distance of the intermediate
image to the second lens d,» = 6 cm. We use the lens equation 1/d;» = 1/fy — 1/d,2

1 1 1 1

@ T 70cm  6.0cm  42cm’

or d,» = —42cm. Since image distance produced by the second lens is negative, d,o < 0,
the image is wvirtual. Since d,; = 0o, we obtain d;; = f1 = 4.0cm. We find the object
distance for the second lens d, 2 = 8 cm. We use the lens equation to find the image distance

1/dip =1/ fo = 1/dop,
1 1 1 1

di 2 ~ 70cm  80cm  56cm’

or d,o = 56 cm. Since d, o > 0, the image is real.

We find the total magnification from the object and image heights,
m = h;i/h, = f2/ f1, hoT 1 ) 2
9 .Ocm N
=== = 1.75. ‘
m fi 4.0cm /\
The image is virtual and is infinitely far away. Since fo/f; = 3.5, 1 2
we find fo = 3.5f; so that 2

Lens #1 Lens #2

12cm = f1 + f2 = f1 + 35f1 = 45f1
We find the focal length of lens #1:

12.0cm
fi= 15 = 2.7cm,

so that fo = 12cm — 2.7cm = 9.3 cm.
Note: Opera glasses are useful because the distance between the two lenses does not have
to be adjusted as is the case for binoculars.

Problem 4.35: The lens is under tension when the object is at the nearpoint: 1/d, =

1/f —1/d;,
1 1
— =525m ' —47.6m ' =

d. m M T 50 em’

so that Harry’s near point is 20.5-cm from his eyes. The lens is relaxed when the object is
at the farpoint: 1/d, = 1/f —1/d;

1 1
— =485m ' —476m™! =
4 8.5m 7.6m TI0em’

so that Harry’s farpoint is 1.1-m from his eyes. Since normal vision corresponds to a farpoint
at infinity, we conclude that Harry is nearsighted (myopic).
He needs glasses to see objects far away so that d, = oo, and d; = —(1.10m — 0.02m) =
—1.08 m. We find the power of the correction eye glasses 1/ fgiasses = 1/do + 1/d;,

1 1

fglasses 1.08 m l1opters
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When the object is at the intermediate point, we have to solve a two-lens problem. The
object distance is d, = 50.1cm — 2.1 cm = 47.9 cm so that the distance of the image formed
by his eyeglasses: 1/d; =1/f —1/d,,

! 0.93m™* ! =
— = —0. m — = — .
d; 0.479 m 0.33m
We find d; = —33.1cm: This is the intermediate image; it is 35.1 cm away from his eyes,

d! = 35.1cm. Since the image is formed on the retina, the image distance is d;, = 2.1 cm so
that the power of the lens in the eyes follow 1/f =1/d, + 1/d.,

L L, 1 +50.4 diopt
— = = . 10pters.
7 035lm | 0.021m P

Note that 48.5 diopters < 1/f < 52.5 diopters, as it should.

Problem 4.36: The tension in the rope is determined by the weight of the block: T =
Mg =3.7kg-9.8 rn/s2 = 36.3N. The mass per unit length is m/l = 5.7 x 1072 kg/2.1m =

2.7 x 1072 kg/m. We find the wave speed: v = /T/(m/L),

36.3N m
v \/2.7 10 Zkgjm 00y

The time for the pulse to reach the top follows t = L /v,

2.1m

f=
36.6m/s

=57x102s.

When the block is immersed in water, the the speed follows v' = L/,

, 21m

m
__ s g
YT 61 x 10 25 S

Since the mass per unit length of the string does not change, we find 7" = v'?(m/L),

2 k
T — (34.4 9) 27 x 107228 — 32 0N.
S m

The difference in the tension is due to the buoyant force: Fg =T —T' =36.3N —32.0N =
4.3N. Since Fp = Myaterg, we find Maper = 4.3N/(9.8 m/s2) = 0.44kg. We thus get for
the volume of the hanging mass: V = M/ pyater,

0.44 kg

= 4410w
1000 kg /m
so that the (average) density of the hanging mass follows p = M/V|

B 3.Tkg
4.4 x 104 m3

kg
E.

p = 8.4 x 10°
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Problem 4.37: Initially, the the ball moves away from the stationary observer and the
frequency drop. The frequency undergoes a jump when the ball hits the ground. The
observed frequency is higher than 440 Hz while the ball approaches the top of well.

We find the maximum speed of the ball when it hits the ground:

Umax = \/2 -0.8 m/s2 -17.3m = 18.4m/s. Since the source [ball] is
moving we find the lowest and highest frequency:

1
max,min — 440H t te
Fana, O 8 A m/s) /313 m)s)°

so that the mimimum frquency is f,, = 417.6 Hz and the maximum frequency is fi.x =
464.9 Hz. Since f' > fgevice, the device approaches the observer, i.e., the ball travels upwards.
We find 450 Hz = 440 Hz/(1 — v’ /v), and solve for the ration v'/v =1 — faevice/ f's

The speed follows v/ = 0.022 - 343m/s = 7.5m/s. The time to hit the ground ¢; =

\/2 -17.4m/(9.8m/s”) = 1.88s. Time to rebound t, = (18.4m/s — 7.5m/s)/(9.8m/s’) =
1.11s so that ¢/ = t; + t,

' =188s+1.11s =2.99s.
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Problem 4.38: The surface wave is diffracted at the opening. The first three boats are
within the zeroth-order maximum:

8.0m/2
w/ — 0.3,

tanf = —
200m—3-22m

so that the diffraction angle follows § = 16.6°. Since sind = A\/D, the wavelength follows
A= Dsinf,
A=25m-sin16.6° = 0.72m.

The frequency is f = 1/(0.4s) = 2.5 Hz. The wave speed then follows from v = fA,
v=072m 255" = 1.8
S

Note: The speed of surface waves depends on the depth d of the water: v = y/gd. Thus, the
speed v = 1.8m/s corresponds to a depth d = v?/g = (1.8m)?/(9.8 m/s”) = 0.33 m.
We find the smallest diffraction angle:

8.0m/2
200m—7-22m

= 0.87,

tan 0, =
and the angle follows 6,,;, = 41.0°. Since sin i, = Amin/D, we get for the shortest wave-

length, A\, = Dsind,
Amin = 2.5m sin41.0° = 1.64 m.

Since long wavelengths correspond to low frequencies, we have the condition f < fuax =
v/ Amin = (1.8m/s)/(1.64m) = 1.1 Hz. Since T'= 1/ f, the possible period of the oscillatory
motion follow 7' > Thyin = 1/ finax

1

T
~ 11l

=0.9s.

Problem 4.39: The focal point is 4.0 cm behind the mirror. We draw lines parallel to the
principal axis at the heights h, = 5.0cm and h; = 2.0 cm. The incoming ray 1 is parallel to
the principal axis at the height h,. It is reflected by the mirror such that the reflected ray
passes thru the focal point:

mirror mirror

. b,

1 T
F object image F
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We read off from the figure d; ~ —2.4cm. We find the magnification from the object
and image heights, m = h;/h, = (2.0cm)/(5.0cm) = 0.4 = —d;/d, so that the object
distance follows d, = —d;/0.4 = —5d;/2. We find the focal length from the lens equation,
1/f=1/d, +1/d,,

1 2 1 3

so that the image distance follows

d; = g - (—4.0cm) = —2.4 cm.

The reflected ray 2 is parallel to the principal axis at the height h; = 2.0cm. The
continuation of the incoming ray 2 goes through the focal point:

mirror

object image

We read off from the figure d, ~ +6.0cm. The image distance follows from the object
distance d; = —2d,/5. The lens equation yields 1/f = 1/d, + 1/d; yields,

1 1 (- 5 _ 3
(=4.0cm)  d, 2d, ) 2d,’
and 3
d, = ~3 (—4.0cm) = +6.0 cm.

Problem 4.40: The object is at infinity d, = co. Thus 1/f =1/d, + 1/d;

d; = f.
We get
d—— 1 g 40cm  (Harry)
P = —U. m= — 11 IT
" (=2.5mY) ‘ R
1

That is, the farpoints are 42 cm and 59 cm away from their pupils. The image is formed at
the farpoints.
In the case when Harry wears Emmy’s glasses: 1/d, = 1/f — 1/d;

1 1
— = —-175m ' ——— =0.75m™"
do " (—0.4m) e
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so that d, = 1.33m. That is, Harry can clearly see objects that are 1.35 away from his eyes.
In the case when Emmy wears Harry’s eyeglasses: 1/d, = 1/f — 1/d;,

1 . 1
— =-25m ' —

= 0.75m!
d, (—0.57m) e

so that d, is not defined. Note that the object distance cannot be negative. To see what is
going on, assume that the object is far away, so that d, = co. When Emmy wears Harry’s
eyeglasses: d; = frarry

d; = —40 cm.

That is, the image is 42 cm away from her eyes. Since this is closer than her farpoint (59
cm), Emmy can see objects clearly, even if objects are infinitely far away. In fact, her
nearsightedness is over-corrected, i.e., her vision is better than 20/20.

EXPERIENCE THE POW
FULL ENGAGEMENT...

RUN FASTER.
RUN LONGER..
RUN EASIER...
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Problem 5.1: Electron and positron are particle- antiparticle pairs and thus have the same

mass and rest energies: F, = E, = mc?,

2
E=911x 10" kg - (3.0 % 108 E) —82x 1071 ] =0.511 MeV,
S

Thus, the energy of the incident photon is F, = E. + E, = 1.04 MeV so that the frequency
is £, = hf. The frequency follows f = E, /h,

C2.82x1071J

= =25 x 10 Hz.
6.62 x 10 Js % ?

f

Since E = pec, the momentum of the photon is given by p, = E/c,

2.8.2x 1071 Kk
82X 1077 _ 55« 10-2 8™

3.0 x 108m/s - S

Py =

The carbon mass is given by M = 12-1.66x 102" kg = 2.0x 1072 kg. The total momentum of
the carbon-photon system is conserved during the ‘collision’ (and equal to zero, conservation
of linear momentum, pc + P, = 0 then yields the velocity of the carbon atom ve = p.,/Mc,

—22
o — 55x 107 kgm/s 975 % 10° ™

2.0x10-26kg S

Problem 5.2: We use L = 6-1.39 x 107'%m = 8.34 x 107! m. Because the electron is in
the “first harmonic,” the wavelength follows from L = /2 so that A = 1.67 x 10" m. We
find the momentum p = h/A

6.63 x 10~ Kk
_ 20X IS 40 x 107 8
1.67 x 1079 m s

The kinetic energy of the electron follows: E = KE = p?/2m

(4.0 x 107* kgm/s)? 20
oIl 10 W = 878X 1077 =0548eV

We find the energy levels E, = Ein® so that for n = 2: E, = 2.19eV. The photon energy
follows from the energy difference between states n =2 and n = 1:E, = Ey —

E,=219eV —0.55eV = 1.64¢V.
Since E, = hc/\, the wavelength of the photon follows: A = he/E.,

~6.62x 107" Js- 3.0 x 10°m/s

1641602 x 10-0g  _ oonm.

This is just outside the visible part of the spectrum in the near-infrared.
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Problem 5.3: The neutrons are in thermal equilibrium so that the energy is determined
by the tenperature E = kgT'/2,

1 J
E = 51.38 x 1072 & 1200 K = 8.28 x 10721 J = 0.052¢V.

We write the kinetic energy KE = mv?/2 = p?/2m so that the momentum follows p =
2mE,

k
p=1/2-167x 102 kg-8.28 x 1021 J = 5.26 x 10-24 210
S

We find the wavelength of the neutron: A = h/p

6.62 x 10734 Js

_ = 0.126 nm.
5.26 x 102 kgm/s i

The neutrons are diffracted at the opening. We find the diffraction angle: sinf = \/2b

0.126 nm
ng— oM g
sl = o 3grm

so that the spread of neutrons follows ¢ = 10.0°
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Problem 5.4: We find the work function from the minimum frequency: ® = E;, = hfuin-
Since the minimum is determined by the maximum wavelength fii, = ¢/Anax, we find

O = hC/Amaxa

o 062 1073 Js - 3.0 x 10°m/s

=37x1071J=23eV.
54 % 107 m % J ev

We use the shortest wavelength: Ay, = 380nm so that E, = hc/Awin,

£ - 6.62 x 107** Js- 3.0 x 10%m/s

=3.7x10""*J =3.3¢eV.
v 38 x 10 7m % ¢

Thus, the kinetic enregy of the electron follows, F, = E, — @,
E.=33eV—23eV=10eV=1609x 107" J.

Since E, = mv?/2, we find the speed of the electron: v, = /2E./m,

2.1.602 x 10-19] m
e = =59 x 10° —.
Y \/ 9.11 x 103 kg S

Problem 5.5: We calculate the number of of moles in 0.5 kg of plutonium:

_ 500g

- — 2.05.
" T uag

We then find the total number of plutonium nuclei: N = nN,4, where N, is Avogadro
number,

N =2.05-6.02 x 102 = 1.23 x 10*.

We express the half-life in units of seconds, T} /5 = 24,360 yrs = 7.69 x 10'!, and the decay
rate follows

2
A= —=002x 10" Bs L.
Ty /o

The initial activity follows Ay = AN,
Ay =19.02x1078s71.1.23 x 10" = 1.1 x 10'? Bq.

The activity decays exponentially in time A/Ay = exp(—At), We write the decay rate in
terms of the half-life 1/\ = T/5/1In2, and find the time ¢t = —(71/2/1n2)1In (A/Ay),

_ 24,360yrs I ( 5.0 x 105 Bq

~ 243, 500 yrs.
2 1.1 x 102 Bq) ORI
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Problem 5.6: The frequency of the light follows f = ¢/,

3.00 x 10 m/s

=3.14 x 10" H
954 x 10 8m % %

f=

so that the energy of the photon is given by E, = hf,
E,=6.62x 107" Js-3.14 x 10" Hz = 2.08 x 107'%J = 13.0eV.

The energy of the electrons has discrete levels, F,, = h?n*/(8ma?) so that the energy of the
photon is determined by the change of the electron energy: E, = E5 — E

(5 - 2)

We solve for the length of the box: a* = 21h%/8mE,

h?

B 212
~ 8ma?

E = .
8ma?

~

) 21 - (6.62 x 10734 Js)?
a =
8-9.11 x 103 kg - 2.08 x 10718 ]

= 6.08 x 107 m?

and a = 0.78 nm. Thus we find the number of C = C bonds:

0.78 nm
Nbond = oA
0.154 nm
We now examine the effect of vibrations. The length of the box is increased and decreased.
We obtain a; = 1.05a and ay = 0.95a. Since E, ~ 1/a?, we obtain the photon energies
corresponding

L,

E, = 05— 1.9 x 10718,
E
E, = 0 9’;;)2 =23 %107 ).

For the longer bond, we obtain the corresponding frequency

1.9x 107%®]J
= =29 x 10" H
1= G 62 % 105 s 8 ”
and wavelength
3.0 x 108m/s
G T PRI R b
For the shorter bond, we find the frequency
2.3x10718)
s = =3.5x 10" H
Jo = G2 x 10578 8 “
and wavelength
3.0 x 108
= a m/s = 86 nm.

3.5 x 1015g-1
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Note: The frequencies (wavelengths) fs (A\s) and f; (\;) correspond to the Stokes and
anti-Stokes lines of the n; = 5 to ny = 2 transition.

Problem 5.7: The temperature follows 7' = (273 4+ 37) K = 310K and the energy: E, =
kyT,

J
E,=138x107"% 310K = 4.28 x 10721 .

The frequency follows f = E. /h

4.28 x 10721 ]
= =6.5x 10" H
= 6o x 100gs — 00X 107 H
and the wavelength A = ¢/ f
. 108
30>10°m/S 6 105,

T 645 x 101251

This corresponds to infrared radiation. Night vision scopes and goggles are based on the
emission of infrared radiation by animals (and humans). For microwave, the frequency
follows f =c¢/A
3.0 x 10°m/s
/= 53 x10%m
We find the energy of the photon: E, = hf

= 5.7 x 10'° Hz,

E, =6.63x 10 Js-5.7x 10" Hz = 3.7 x 1072 J,
so that the temperature follows T' = E., /kp

37 x107%]
C 138 x 1072 J/K

= 2.714K.

Note: In 1964, Penzias and Wilson observed this type of radiation with their radiotelesccope
in Holmdel, NJ, while working at AT&T Laboratories. They first thought the signal was
“noise” from radiostations in nearby NYC. However, the radiation is observed in all
directions; Robert Dicke [from Princeton] then explained that the radiation originates from
the universe [“cosmic background radiation”]. Penzias and Wilson [together with Kapitsa]
were awarded the Nobel prize in physics in 1978.

Problem 5.8: We calculate the kinetic energy from the absolute temperature: KE =
3kpT/2,

KE = g . 1.38 x 1023% 2300K = 6.21 x 1072 J.

Since KE = mv?/2, we find the speed v = /2 KE/m,

2.6.21 x 10721 ]J m
= = 2. 103 —.
! \/ 167 x 102 kg 20X 1075

The momentum of the neutron follows p = muv,

k
p=167x10 kg 273 x 10° 2 = 4.55 x 10-2 2
S S
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The momentum of the neutron follows p = muw,
k
p=1.67x10"2kg 273 x 10° = = 4.55 x 10~ 22,
S S
The deBroglie wavelength of thermal neutrons is given by A = h/p,

6.63 x 10734 Js

= =1.45x 107%m = 0.145 nm.
455 x 102 kgm/s A o

We find the momentum of the scattered neutron: p’ = h/N

, 6.63x 1077 Js 402 x 1024 kgm.

P =165 x 10 10m s

The speed of the scattered neutron follows v = p’/m

4.02 x 107" kgm/s m
= =241 x 10° —.
1.67 x 10~ kg % s

The kinetic energy of the scattered neutron follows KE' = muv’ /2

~ 1.67x 10%"kg
N 2

/ 3m\?2 —21
KE <1241 x 10° —) =4.85x 107 J.
S

The change in the kinetic energy of the neutron is equal to the transferred energy,
AE =KE-KE =621 x 10721 J —4.85 x 1072 J = 1.36 x 1072} J = 8.5 meV. This energy
transfer is consistent with vibrational excitations of macromolecules.
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Problem 5.9: We find the decay constant A = In 2/T1/2

In2

= =1.21 x 1074 yr~ L.
5730 yr v

The activity decays exponentially with time: A = Agexp(—At). We find the expected
activity if the sample was produced 2000 years ago:

A= Agexp (—1.21 x 10~ yr~" - 2000 yr) = 0.23 Bq - 0.785 = 0.18 Bq.

This activity is less than the observed activity A < A’ = 0.21Bq. We write A'/A, =
exp(—At) and take the (natural) logarithm on both sides: t = —(1/A) In(A’/Ay),

v 5730 yrs | 0.21 Bq
_— — - 1n
In 2 0.23 Bq

) ~ 750 yr.

Thus ¢’ < t so that the shroud is about as old as the first historical evidence of its existence.
The shroud is inconsistent with the period in which Jesus lived. The significance of the
shroud remains controversial to this day.

Problem 5.10: The smallest electron wavelength determines the largest momentum:

Pmax = h/)\mina
6.62 x 10734 Js kg m
mox = =02x107H =—,
p 2-0.361 x 10 °m % s

Since p = mw, we find the maximum speed of electron: v = p/m, so that

~25
Y 92x 107 kgm/s 10x 108 ™

9.1 x 10~31kg s’

The actual value is Uperm; = 1.57 X 10°m/s. Since the electron is “free,” the electron has
only kinetic energy. We find the kinetic energy: £ = KE = mv?/2.

1 2
E=291x107"kg- (1.0 % 10° E) —45%x1079) = 280V,
S
(the actual value of the Fermi energy is Epemi = 2.67eV.) We use F = kgT, to find the
temperature 7' = E/kp:

45x1071¥7J

= — . ]. 4K.
38 x 10 Bk o3 x 10

(The actual value of the Fermi temperature is Tromi = 8.2 X 10* K).

Problem 5.11: The frequency of a light is f = ¢/A = 3.0 x 108ms™1/3.2 x 107" m =
9.4 x 10 Hz. The energy of a photon follows E = hf,

E=6.6x10"Js-9.4 x 10"s™' =6.2x 107" J.
Since F = pc for massless particles, the momentum of the photon follows p = E/c

62x107%) oo kgm

P 30x10°m/s s
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We now calculate the number of photons per area and per time. The area of the skin cell
is A = (5.0 x 107m)? = 2.5 x 107''m2. The energy from radiation during the interval
t =1,800s (30 min) is given by Fi, = S At,

Eior = 0.9 EQ 225 x 107" m? - 1,800s = 4.1 x 1078 J.
m

The number of photons follows N, = Eiy/E

 41x1078)

N = m =6.5 X 1010.

Problem 5.12: We find the wavelength of the photon from Balmer rule: 1/A =
R(1/n* —1/m?), with R = 1.097 x 10"m~! and n = 2 and m = 4 so that

1 1 1
—=1. 10'm™! (- —-—
3 097 x 10" m (4 16)’

so that A = 486 nm. We find the momentum of the photon: p = h/\,

6.6 x 1073*Js 35w 107 @

Py 86 x 10" m "

The momentum of the recoil hydrogen atom follows from the law of conservation of momen-
tum: 0 = p, + py so that |py| = p,. Since |pu| = mpuv, [with my = 1u], we for the recoil
speed of the hydrogen atom: vy = [py|/m

1.35 x 102" kgm/s
(o

—081 2
1.66 x 102"kg s’
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Problem 5.13: Since F. = 0.9eV = 1.44 x 1071 J. We use the mass-energy equivalence
principle E = mc?, we find the upper limit of the mass in units kg: mma = Fmax / 2,

1.44 x 1071J
(3.0 x 103 m/s)?

= 1.6 x 10730 kg.

Mmax =

The number of neutrinos N through the area A = 1.0m? per one-second time interval
At = 1s, is determined by the number density and the speed of light, N'//At = ¢- (n/V).
The number density of neutrinos follows n/V = (A/At)/c,

no 3x10% x 109m2s!

— = =1x10"m™>.
% 3.0 x 108m/s o
We find the upper limit for the mass density of neutrinos: pmax = Mmax - (n/V):
—36 7..-3 _a9 kg
P = 1.6 X 10790 kg - 1 x 107m™ = 1.6 x 1072 ==
m

Problem 5.14: Since the density of water is p = 1,000 kg/m?’7 the tank contains the mass
m = 80.0 x 1072m? - 1.0 x 103 kg/m3 = 80.0kg. The absorbed is £ = Dm. We set this
energy equal to the heat necessary to raise the temperature of the water: Q = mcAT. We
find Dm = mcAT, so that the mass “drops out” and we obtain D = ¢AT, or AT = D/c

80 J/kg

AT = 56 J/(kg -© C)

= 0.02°C.

Comment: This calculation shows that the total energy deposited is insignificant. The
biological damage caused by ionizing radiation is explained by detailed mechanisms of the
interaction of ionizing radiation with (biological) matter (e.g., DNA damage).

Problem 5.15: We use the mass-energy E = mc? principle to tabulate the energy in
“checkbook” style:

[tem Expense Deposit
proton 938.26 Mev
neutron 939.55 Mev

deuteron|-1875.59 Mev
Balance 2.22 Mev

Thus, the energy of the constituents [proton and neutron] is greater than the energy of
deuteron. The difference is the binding energy of a deuteron is 2.22 MeV.

Problem 5.16: We set EPE.s = m.c? so that ke?/a = m.c® so that the classical electron
radius is given by a = ke? /m.c®>. We insert the constant and numerical values to find

~8.99 x 109N/(C*m?) - (1.602 x 10719 C)?

=281 x 107"
9.11 x 103 kg - (3.0 x 10° m/s)2 o
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that is, the classical electron radius is of the order of femtometer. For comparison, the
semi-empirical for the size of an atomic nucleus is given by r, = 1.25 x 107 m - A3, We
set the electron radius a equal to the wavelength of the photon A = a. Compton wavelength
of the electron is given by A\, = h/m.c = 2.43 x 1072 m. Thus, the Compton wavelength of
the electron is much larger than the classical electron radius

Ao 243 x 10712
Qe 229X M g6
a 2.81 x 10~ m

The corresponding energies of the photon follow from F = he/)\ so that

6.62 x 10731 Js-3.0 x 108m/s

E. o= =71x107%J =441
7self 981 x 10 Bm 71107 GeV
6.62 x 1073 Js-3.0 x 103 m/s
E,.= =82x107"J =0.51GeV.
" 243 x 10 2m % ¢

Note: The Compton energy is generally considered the cutoff when quantum field theory
becomes important. The classical electron radius enters many equations in quantum field
theory, such as the Klein-Nishina formula that describes the differential cross section of
photons scattered from a free electron.

Problem 5.17: The resolving power is determined by the size of the specimen and the

distance to the lens:

A 20x10°m
122 =22 — —4x10°®
D 50x102m +x10

Given the aperture of the lens D = 2.0 x 1073 m, we solve for the wavelength

1
\ = mél.() x 1072 m-4.0 x 1072 = 0.13 nm.

We assume electromagnetic wave, and find the frequency of light: f = c¢/\

~ 3.0x10°m/s

=" " 77 _923x10"®Hz.
1.3 x 10101 x g

S

This frequency falls within the X-ray part of the spectrum. We find the energy of the
photon: £, = hf,

E,=6.63x107Js-23x 10%s7' =15 x 107" J = 9.4keV.

We now assume electron “waves.” Since p = mv = h/\, we find the speed of the electron:
v =h/m,
6.67 x 10734 Js m
= = 5.6 x 10° —
YT 911X 103 kg 1.3 x 100 m S
That’s about 2% of the speed of light. We find the kinetic energy of the electron: KE =

mv?/2,

1 2
KE = 5 9.11x 107 kg (5.6 « 10° E) — 14 %1077 = 89eV.
S

Thus, the potential difference AV =89V is used to accelerate the electrons.
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Problem 5.18: The definition of kayser suggests that A = 1.0cm = 1.0 x 1072 m. Since
c = fA, the frequency follows f = ¢/,

~ 3.0x10%m/s

20X U MS s« 10" Ha.
1.0 x 102m % g

For the infrared band, we obtain 1/A\jg = 1595cm™! so that the wavelength follows

1
MR = —— 107> m = 6.3 um.
T qpes T e
The infrared part of the electromagnetic corresponds to wavevelenths 0.7 yum < A < 1000 pm.

We find the frequency
fir = 1595 x 1072m ™' - 3.0 x 10" Hz = 48 THz

The infrared part of the electromagnetic corresponds to frequencies 300 GHz < f < 430 THz.
We find the energy of the photon Eig = hfig,

Fir=6.62x 1073 Js-48 x 10¥Hz=3.2x 1072 = 0.2¢€V.

The infrared part of the electromagnetic corresponds to energies 1.2meV < F < 1.7eV.
That is, this particular infrared band of HyO vapor is very close to the visible part of
the electromagnetic spectrum (i.e., nearinfrared). We compare to thermal energies, and

set Fir = kT and find the temperature: Tig = (3.2x1072°J)/(1.38 x 10723 J/K) = 2300 K.
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Problem 5.19: We find the frequency of the photon from Af = ¢ so that f = c¢/A,

;o 30X 10 m)s
589 x107"m
so that the energy of the photon follows £, = hf,

E, =6.62x 107" Js-5.09 x 10" Hz = 3.37 x 1077 J.

=5.09 x 10" Hz,

We set E., = m.c* and find the effective inertial mass of the photon: m., = E, /c?
3.37 x 10719
= = 3.75 x 107 kg,
i (3.0 x 108m/s)? 8 s
The conservation of energy yields . pottom = Fy top + mMygh so that

E, pottom — Eyop = 3.75 x 1070 kg - 9.8 = - 541.m = 2.0 x 107 J.
S

Note that E, op < E bottom, the frequency of the photon on top of Freedom Tower is less
than the frequency at ground level. Since the frequency decreases, the wavelength increases:
we say the photon is red-shifted. Since E., = hf, the frequency shift follows Af = AE, /h,

2.0 x 10732

f= Gerx 10wy S00H
The fractional change of the frequency thus follows:
af 300z o pu

f 5.1 x 104 Hz

Note: While this is a small fractional change of the frequency (or wavelength), this effect
has been observed [Pound and Rebka, Nobel prize (1952)]; the actual experiment was
carried out in the Jefferson laboratory at Harvard University; the height was only 22 m and
the corresponding frequency shift Af/f ~ 1071,

Problem 5.20: The wavelength of the phonon is A = 20a = 20 - 3.61 x 1071%m = 7.22 x
1072 m. The momentum of the phonon follows p = h/A\,

6.62 x 10734 Js kgm
= =9.15 x 10726 =—,
P=Tarx100m T
The frequency of the phonon is given by f = ¢/, where ¢ is the speed of sound. We obtain
4
fo A800mfs - oes 0ty

7.22 x 1079 m
The energy of the phonon follows E = hf,

E=6.62x 1073 Js-6.65 x 10" Hz = 4.4 x 10722 J.
We set E' = kT honon and solve for the temperature of the phonon: Thnonon = E/kB,
4.4 x10722)
Tphonon = —93
1.38 x 10723 J /K

Note: Since room temperature Tioom = 300K is approximately ten times higher than the
characteristic temperature Tioom =~ 10 Tphonon, scattering of electrons by phonons is very
important at temperatures much below room temperature.

= 32K.
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