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9 Temperature, gases, and heat — Part 1

Name: — Class: — Date:

Vocabulary JaJJT
Write each word three times. AR BARTPE = .

English F3 Write it 3 times (English)
Thermodynamics #Jj2#

kinetic theory i T |
it

Temperature BE

pressure JA S

ideal gas FRAEAS R

Heat P

thermal  equilib- FPf7

rium

conduction (32
convection POR/H
radiation el
specific heat BT
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Recall
You already know a lot about heat and gases:

o Hot things feel hot because their tiny particles move fast; cold things move slowly.
o A gas pushes out on its container — a balloon stays full because the air pushes on it.
o Heat always flows from the hot object to the cold one, never the other way.

This sheet gives these ideas exact formulas. Each idea has a worked example.

New ideas

B 1 Temperature and moving particles

Thermodynamics #\ /72 is the study of heat and energy in large groups of particles.

The kinetic theory 43 11z3/1i says a gas is countless tiny particles in fast, random
motion.

1. many identical molecules,
\. /. in continuous random motion

2. their own volume is tiny
next to the container

(=d 3. straight lines between hits -
.\ intermolecular forces ignored
o \. ) 4. collisions are elastic:
no kinetic energy is lost

poor at very high pressure (volume matters) or very low temperature (forces matter)

Temperature jii & measures the average kinetic energy of those particles: hotter

means faster-moving. The pressure JE5# a gas makes comes from its particles hitting
the container walls.

B 2 The ideal gas law
An ideal gas FFHS K obeys
PV =nRT,
linking pressure P, volume V| amount n, and temperature 7' (always in kelvin).

Change one quantity and the law tells you how another responds.

Worked example. A sealed rigid can of gas is at 1.0 x 10° Pa and 300 K. Heated

P T 450
to 450 K at fixed volume, T stays constant, so P, = P1—2 =10x10° x — =

T, 300
1.5 x 10° Pa.
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B 3 Heat and how it moves

Heat # Q is energy that flows because of a temperature difference — always from
hot to cold. When two objects reach the same temperature they are in thermal
equilibrium #CPF and the flow stops. Heat travels by conduction 4% (through
solids), convection X}Jfi (moving fluids), and radiation g%} (waves, even through
empty space).

energy passed along the bar

»
>

eoo0oo0o00o0000O0
0000000000

cool end

heat
particles vibrate more at the hot end and pass the energy to their neighbours

B 4 Specific heat
The specific heat [L#Z ¢ is the heat needed to warm 1 kg of a substance by 1°C:

Q = mcAT.

Worked example. Heating 2.0 kg of water (¢ = 4200) from 20°C to 80°C needs
Q =mcAT = 2.0 x 4200 x 60 = 5.0 x 10° J.

Watch out: always convert temperatures to kelvin (Tx = T¢ + 273) before using a
gas law — using Celsius gives nonsense.
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Practice

Try these in order. The methods are all above.

2.1 State what temperature measures, in terms of the particles of a gas. 1]
2.2 Convert 27°C to kelvin. 1]

2.3 A rigid can of gas at 2.0 x 10° Pa and 300 K is cooled to 150 K. Find the new
pressure. 3]

2.4 Name the three ways heat can travel, and give the one that works through empty
space. 9]

2.5 How much heat warms 0.50 kg of water (¢ = 4200) by 30°C? 2]

2.6 Explain why coastal towns have milder temperatures than inland ones (think about
water’s specific heat). [2]
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Name: ( AP Physics 2: 2016

PHYSICS 2
Section I1
4 Questions
Time—90 minutes

Directions: Questions 1 and 4 are short free-response questions that require about 20 minutes each to answer and are
worth 10 points each. Questions 2 and 3 are long free-response questions that require about 25 minutes each to
answer and are worth 12 points each. Show your work for each part in the space provided after that part.

P(10° Pa)
A
| | | |
| | | |
| | | |
1.0+--—4-—-A] | L_.
o |
05—+ i FC——1-
| | | | | |
| | | | | |
| | | | | | 3
: : : : : —1/(m”)
O  0.02 0.04 006 0.08 0.10 0.12

1. (10 points, suggested time 20 minutes)

Two moles of a monatomic ideal gas are enclosed in a cylinder by a movable piston. The gas is taken through

the thermodynamic cycle shown in the figure above. The piston has a cross-sectional area of 5 X 107 m?.
(a)
i. Calculate the force that the gas exerts on the piston in state A, and explain how the collisions of the gas
atoms with the piston allow the gas to exert a force on the piston.
ii. Calculate the temperature of the gas in state B, and indicate the microscopic property of the gas that is
characterized by the temperature.
(b)

i. Predict qualitatively how the internal energy of the gas changes as it is taken from state A to state B.

Justify your prediction.

ii. Calculate the energy added to the gas by heating as it is taken

path ABC.

from state A to state C along the

(c) Determine the change in the total kinetic energy of the gas atoms as the gas is taken directly from state C to

state A.
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PHYSICS 2
Section I1
4 Questions
Time—90 minutes

Directions: Questions 1 and 4 are short free-response questions that require about 20 minutes each to answer and are
worth 10 points each. Questions 2 and 3 are long free-response questions that require about 25 minutes each to
answer and are worth 12 points each. Show your work for each part in the space provided after that part.

P(10° Pa)
A
| | | |
| | | |
| | | |
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1. (10 points, suggested time 20 minutes)

Two moles of a monatomic ideal gas are enclosed in a cylinder by a movable piston. The gas is taken through

the thermodynamic cycle shown in the figure above. The piston has a cross-sectional area of 5 X 107 m?.
(a)
i. Calculate the force that the gas exerts on the piston in state A, and explain how the collisions of the gas
atoms with the piston allow the gas to exert a force on the piston.
ii. Calculate the temperature of the gas in state B, and indicate the microscopic property of the gas that is
characterized by the temperature.
(b)

i. Predict qualitatively how the internal energy of the gas changes as it is taken from state A to state B.

Justify your prediction.

ii. Calculate the energy added to the gas by heating as it is taken

path ABC.

from state A to state C along the

(c) Determine the change in the total kinetic energy of the gas atoms as the gas is taken directly from state C to

state A.
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9 The laws of thermodynamics — Part 2

Name: - (Class: —— Date:

Vocabulary JajjL

Write each word three times. A BEIRTIE =i .,

English 3 Write it 3 times (English)

internal energy NHE

first law of ther- # Jfj =24 %8
modynamics — e

Entropy 1

second law of ther- # Jj 2% 4
modynamics B

Recall
In Part A you met temperature, gases, and heat. Now connect heat to energy:

o Energy is never lost — it only moves or changes form (you saw this with work and
kinetic energy).

o Heating a gas can warm it or make it push out and do work.

o Heat only ever flows hot — cold on its own. This sheet says why.

Each idea has a worked example before the Practice.
New ideas

B 1 Internal energy

The internal energy NfE U of a gas is the total energy of its particles’ motion.
More internal energy means a higher temperature.
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B 2 The first law of thermodynamics

The first law of thermodynamics # J72#55—EfE is just energy conservation for
a gas:
AU =Q+ W,

where @ is the heat added to the gas and W is the work done on the gas. Add heat
and the gas warms up or does work (or both).

Worked example. A gas absorbs 500 J of heat and does 200 J of work on its surround-
ings (so work done on the gasis W = —200 J): AU = Q+W = 500+ (—200) = 300 J.
Its internal energy rises by 300 J, so it ends up hotter.

B 3 Work when a gas expands

When a gas expands and pushes a piston, it does work on the outside world.

L Ax ‘
! \ area A
1 ! s -
] /
| /
: M <«———— pressure p
|
gas | |
|
| '
: : <«—— pressure p
| |
1 |
|
AV = AAx

Compressing a gas does positive work on it (raising its energy); letting it expand
does negative work on it (it gives energy away).

B 4 Entropy and the second law

Entropy ## measures how spread-out or disordered energy is. The second law of
thermodynamics # /72455 — 7 {3t says the total entropy of an isolated system never
decreases — energy naturally spreads out. This is why heat flows hot — cold by itself,
and never cold — hot.

Watch out: in AU = @ + W, the sign of W matters most. Work done on the gas is
positive; when the gas does work on its surroundings, W is negative. Get the sign
right and these problems are easy.
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Practice
Try these in order. The methods are all above.

2.1 State what the internal energy of a gas depends on. 1]

2.2 A gas gains 400 J of heat and 100 J of work is done on it. Find the change in internal
energy. [2]

2.3 A gas absorbs 600 J of heat and does 250 J of work on its surroundings. Find the
change in its internal energy. 3]

2.4 State the direction heat naturally flows between a hot and a cold object, and name
the law that sets this direction. 2]

2.5 Explain why energy naturally spreads out rather than gathering into one place, using
the idea of entropy. 2]
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Question 2: Version J

2. A sample of a monatomic ideal gas is sealed in a thermally conducting container by a movable
piston of mass M and area A. The container is in a large water bath that is held at a constant
temperature 7;. The piston is free to move with negligible friction. At the instant shown, the gas
is in thermal equilibrium with the water bath, the piston is at rest, and the gas occupies
volume V. The pressure of the air above the piston is P,,,.

Container

Water Bath [ pAE
I~y

Gas

Side View
Note: Figure not drawn to scale.

A. On the dot shown, representing the piston, draw and label the forces that are exerted on the

piston. Each force must be represented by a distinct arrow starting on, and pointing away
from, the dot.
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U]

B.

D.

VIVU £ MEULDINN UNULL £UEAY ~ 8 I V=Wl WITWE W Wik I 1w I

Derive an expression for the internal energy of the gas in terms of M, A, V), Py, and
physical constants, as appropriate. Begin your derivation by writing a fundamental physics
principle or an equation from the reference information.

. A block, also of mass M, is placed on the piston at time 7 = ¢, and is slowly lowered. The

piston comes to rest at # = ¢ when the block is completely released.

On the axes provided, sketch the expected relationship between the pressure P and
volume V of the gas for the thermodynamic process that the gas undergoes during time
interval 7, < ¢ < ¢;. Draw an arrow on your sketch to represent the direction of the
thermodynamic process.

p
A

-V
0

With the block still on the piston, the temperature of the water bath is changed to a new
constant temperature 7,.,,. The gas occupies the original volume }/; when the sample of gas
and the water bath come to thermal equilibrium.

Indicate whether 7, is greater than, less than, or equal to 7.
— TLew>Tp
— TLew<Ty
— TLew=T

Briefly justify your answer by referencing at least one feature of your answers to parts A, B,
or C.



Name: ( AP Physics 2: 2016

PHYSICS 2
Section I1
4 Questions
Time—90 minutes

Directions: Questions 1 and 4 are short free-response questions that require about 20 minutes each to answer and are
worth 10 points each. Questions 2 and 3 are long free-response questions that require about 25 minutes each to
answer and are worth 12 points each. Show your work for each part in the space provided after that part.
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1. (10 points, suggested time 20 minutes)

Two moles of a monatomic ideal gas are enclosed in a cylinder by a movable piston. The gas is taken through

the thermodynamic cycle shown in the figure above. The piston has a cross-sectional area of 5 X 107 m?.
(a)
i. Calculate the force that the gas exerts on the piston in state A, and explain how the collisions of the gas
atoms with the piston allow the gas to exert a force on the piston.
ii. Calculate the temperature of the gas in state B, and indicate the microscopic property of the gas that is
characterized by the temperature.
(b)

i. Predict qualitatively how the internal energy of the gas changes as it is taken from state A to state B.

Justify your prediction.

ii. Calculate the energy added to the gas by heating as it is taken

path ABC.

from state A to state C along the

(c) Determine the change in the total kinetic energy of the gas atoms as the gas is taken directly from state C to

state A.
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Ice

Container of Slab of Plastic

Boiling Water
Hot Plate — '

Water Collected

3. (12 points, suggested time 25 minutes)

A group of students use the apparatus shown above to determine the thermal conductivity of a certain type of
plastic. A hot plate is used to keep water in a container boiling at a temperature of 100°C. They place a slab of

the plastic with area 0.025 m? and thickness 0.010 m above the container so that the bottom surface of the slab
is at a temperature of 100°C . They put a large block of ice with temperature 0°C on top of the plastic slab.
Some of the ice melts, and the students measure the amount of water collected during a time Az. The students
correctly calculate the amount of energy Q delivered to the ice and thus determine Q /At . They repeat this
experiment several times, each time adding an identical slab to increase the total thickness L of plastic. Their

results are shown in the table below.

Energy flow rate Q/Ar (J/s) 97 53

31

27

18

Total thickness of plastic L (m) 0.010 0.020

0.030

0.040

0.050

(a) The students want to create a graph to yield a straight line whose slope could be used to calculate the

thermal conductivity of the plastic.
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i. Label the axes below to indicate a pair of quantities that could be graphed to yield a straight line. Include
units for the quantities.

b —r— A — AT — T — T = —1
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| | | | | | | | | | | | | | | | J
o o T ] ] o
- A=t — A=t A=t — A=+ A=+ -+ —1
[ 1 10 1 1 Il
i e A e e et it s e el b i s ey e |
A R R NI ) R Iy O O Ay O I Y IO I
[T [T 1 o o 1ol
' I ) Nty ) Iy At Iy
T 1TTT 1~ T 1T 1T T
S R O NI O R Iy ) N I OO N SO IO O Y |
[ o o o oo Lol
-+ —t—fFA-+t—t+t— -+t 4-t-r— - 4—-t-r—-+—1
[ [ [ [ L1 [
(R T (R (R (R 1
' R N S N A N N OO U A
o [ o o o Lol
-t FA-ft-r— At a-t-r|-1-t-r-1t-1
[Ny R [ (N N DU Ay O N DU Ky OO N Y Sy N O
1T 17T 17T 1T 1T 10
P P — — — —
o o o R R Lol
1 el s et el s ks sl et s e sl b e ety ity e |
A Al SN [t I s D Ay A A D Iy SN U (N S A |
] 17T 1T 1T T I
- At At At At - -+
[ [ [ L L1 [
1 1 1 1 1 1 I I 1 1 1 1 1 1 1 1 1
AN R Y NI ) NN Iy O O Ny O WO N S I
[T [ 1 T o Lol
- -+ —+—A4-+—+—4—+—+—-4-+-+ - +4-+-+4-+—1
[ 1 11 1 1 Il
LI D A N R N Y BN N |
| | | | | | 1 | | | | | | | | | 1

ii. On the grid on the previous page, create a linear graph using the values for the quantities indicated in
part (a)(i). Be sure to do the following.
e Add to the data table the values of any quantities to be plotted that are not already given.
e Scale the axes.
e Plot the data from the table.
e Draw a line that best represents the data.

iii. Use the graph to calculate the thermal conductivity of the plastic.
(b) Indicate one potential problem with the setup that could lead to an experimental value for the thermal
conductivity that is different from the actual value. Use physics principles to explain the effect this problem

could have on the experimental value.

(c) The rectangle below represents a side view of the plastic slab. Draw a single arrow on the diagram
representing the direction of the net flow of energy through the plastic.

Plastic Slab
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(d) Describe what occurs in the plastic at the microscopic level that explains the energy flow you indicated in
part (c).

(e) An extra plastic slab sits on a wood surface, with both the plastic slab and the wood surface at room
temperature. A student touches each and finds that the plastic slab feels cooler than the wood surface.
Explain what causes this observation.
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10 Electric charge, force, and field —
Part 1

Name: - Class: — Date:

Vocabulary fajjL

Write each word three times. B&- P EIRTE =i,

English oy Write it 3 times (English)
Electric charge ZEWi

Coulomb’s law O

conductor ik

insulator i 2%

conduction Ptk i

induction TN L FE,

electric field HL 3
Recall

You have already seen electric charge in action:

e Rub a balloon on your hair and it sticks to the wall — that is static electricity.
o Like charges push apart; opposite charges pull together.
o A metal wire lets charge flow; plastic does not.

This sheet makes the force between charges exact. Each idea has a worked example.

New ideas
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B 1 Electric charge

Electric charge Hifif comes in two kinds, positive and negative. Like charges repel,
opposite charges attract. Charge is carried by electrons moving from one object to
another.

B 2 Coulomb’s law

The force between two point charges is Coulomb’s law F g fH:

_ kaige
=3

F

Y

with & = 9.0 x 10°. Like gravity it is an inverse-square law, but it can push or pull.

Worked example. Two charges of 3.0 uC and 2.0 pC sit 0.10 m apart: F =
9.0 x10° x (30 x 109)(20x 107%) _ . o

(0.10)2

B 3 Conductors, insulators, and charging

A conductor 3{f lets charge move freely (metals); an insulator #fi%¢{4& holds it in
place (plastic, rubber). Objects charge up by friction (rubbing), by conduction %
il HE (touching), or by induction JEMWFLH, (a nearby charge pushes charge around
inside a neutral object).

B 4 The electric field
An electric field H3j F is the force felt per unit of charge:
F
E=— so a charge in a field feels F=qF.
q

Field lines point away from positive charges and toward negative ones.

a) parallel plates (uniform field) b) dipole (+ and —)
_—
B
+ + -
_—
B

R —

c) point charge (radial) d) sphere above earthed plate

Worked example. A field of 2000 N/C acts on a 3.0 x 1075 C charge: F = ¢F =
3.0 x 107% x 2000 = 6.0 x 1073 N.
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Watch out: Coulomb’s law is inverse-square — doubling the distance makes the
force four times smaller, not two times. Always square the distance.

Practice
Try these in order. The methods are all above.

2.1 State whether the force is a push or a pull between (a) two positive charges, (b) a
positive and a negative charge. 2]

2.2 Two charges of 4.0 4C and 1.0 uC are 0.20 m apart. Find the force between them

(k=9.0 x 10%). 3]
2.3 Give one example each of a good conductor and a good insulator. 2]
2.4 A field of 500 N/C acts on a 2.0 x 107% C charge. Find the force on it. 2]

2.5 Two charges are moved from 0.10 m apart to 0.20 m apart. State what happens to
the force between them, and by what factor. 2]

AP Physics 2 ¢ Holiday Homework — 10 Electric charge, force, and field — Part 1
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3. (12 points, suggested time 25 minutes)

The dots in the figure above represent two identical spheres, X and Y, that are fixed in place with their centers in
the plane of the page. Both spheres are charged, and the charge on sphere Y is positive. The lines are isolines of
electric potential, also in the plane of the page, with a potential difference of 10 V between each set of adjacent

lines. The absolute value of the electric potential of the outermost line is 50 V.

(a) Indicate the values of the potentials, including the signs, at the labeled points A and B.
Potential at point A Potential at point B

(b)
i. How do the magnitudes and the signs of the charges of the spheres compare? Explain your answer in
terms of the isolines of electric potential shown.

ii. The spheres at points X and Y have masses in the same ratio as the magnitudes of their charges. The
isolines of gravitational potential for the spheres have shapes similar to those of the isolines shown.
Explain why the two sets of isolines have similar shapes.

Let the potentials at the three labeled points be V,, V, and V. . A proton with charge +¢ and mass m is
released from rest at point B.

(c) Based on your answer to part (b)(ii), briefly describe one similarity and one difference between the electric
and gravitational forces exerted on the proton by the system of the two spheres. The similarity and
difference you describe must not be ones that generally apply to all forces.
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(d) At some time after being released from rest at point B, the proton has moved through a potential difference
of magnitude 20 V.

i. Determine the change in electric potential energy of the proton-spheres system when the proton

il.

1il.

has moved through the 20 V potential difference. Express your answer symbolically in terms of
4, V,» Vg V- and physical constants, as appropriate.

As it moved through the 20 V potential difference, the proton was displaced a distance d by the electric
force. Determine a symbolic expression for the total work done on the proton by the electric field in
terms of the average magnitude E,,, of the electric field over that distance.

Two students are discussing how and why the kinetic energy of the proton would change after it is
released.

Student 1 says that if the system is defined as the proton and the spheres, the increase in the proton’s
kinetic energy is due to a change in the system’s potential energy as the proton moves through the
20 V potential difference.

Student 2 says that if the system is defined as only the proton, the kinetic energy of the proton
increases because positive work is done on the proton by the electric field as the proton moves
through the 20 V potential difference.

Discuss each student’s claims, explaining why each is correct or incorrect.
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PHYSICS 2
Section II
Time—1 hour and 30 minutes
4 Questions

Directions: Questions 1 and 4 are short free-response questions that require about 20 minutes each to answer and are
worth 10 points each. Questions 2 and 3 are long free-response questions that require about 25 minutes each to
answer and are worth 12 points each. Show your work for each part in the space provided after that part.

X X X X X X X X X X X X X X X
B B B
L, XXX XX X, X X X X X X X X X
— — —
X X X X X x X X X X X] X
X X X X X X X X X X X X X X X
Conducting

Loop X X X X X X X X X X X X X X X

Time ¢, Time ¢, Time 13

1. (10 points, suggested time 20 minutes)

The figures above show a rectangular conducting loop at three instants in time. The loop moves at a constant
speed v into and through a region of constant, uniform magnetic field B directed into the page. The magnetic
field is zero outside the region.

(a) In a coherent paragraph-length response, compare the magnitude and direction of the current at times ¢, t,,
and #; . Include an explanation of why there is or is not a current and the direction of the current if one is

present. Use fundamental physics concepts and principles in your explanation.
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(b) The loop is removed. A proton traveling to the right in the plane of the page, as shown below, then enters the

region of magnetic field with a speed v = 3.0 x 10° m/s . The magnitude of the field is 0.030 T. The effects
of gravity are negligible.

B y

X X X X X X I
e—+ x x x X X X X
Proton (
z (out of page)

i. Calculate the magnitude of the force on the proton as it enters the field.

ii. On the figure below, sketch a possible path of the proton as it travels through the magnetic field. Clearly
label the path P1.
X X X X X X

X X X X X X

Proton

iii. A second proton now enters the magnetic field at the same point and from the same direction but at a
greater speed than the first proton. On the figure above, draw the path of the second proton as it travels
through the field. Clearly label the path P2.

iv. Next an electric field is applied in the same region as the magnetic field, such that there is no net force on
the first proton as it enters the region. Calculate the magnitude and indicate the direction of the electric
field relative to the coordinate system shown in part (b).
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3. (12 points, suggested time 25 minutes)

The dots in the figure above represent two identical spheres, X and Y, that are fixed in place with their centers in
the plane of the page. Both spheres are charged, and the charge on sphere Y is positive. The lines are isolines of
electric potential, also in the plane of the page, with a potential difference of 10 V between each set of adjacent

lines. The absolute value of the electric potential of the outermost line is 50 V.

(a) Indicate the values of the potentials, including the signs, at the labeled points A and B.
Potential at point A Potential at point B

(b)
i. How do the magnitudes and the signs of the charges of the spheres compare? Explain your answer in
terms of the isolines of electric potential shown.

ii. The spheres at points X and Y have masses in the same ratio as the magnitudes of their charges. The
isolines of gravitational potential for the spheres have shapes similar to those of the isolines shown.
Explain why the two sets of isolines have similar shapes.

Let the potentials at the three labeled points be V,, V, and V. . A proton with charge +¢ and mass m is
released from rest at point B.

(c) Based on your answer to part (b)(ii), briefly describe one similarity and one difference between the electric
and gravitational forces exerted on the proton by the system of the two spheres. The similarity and
difference you describe must not be ones that generally apply to all forces.
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(d) At some time after being released from rest at point B, the proton has moved through a potential difference
of magnitude 20 V.

i. Determine the change in electric potential energy of the proton-spheres system when the proton

il.

1il.

has moved through the 20 V potential difference. Express your answer symbolically in terms of
4, V,» Vg V- and physical constants, as appropriate.

As it moved through the 20 V potential difference, the proton was displaced a distance d by the electric
force. Determine a symbolic expression for the total work done on the proton by the electric field in
terms of the average magnitude E,,, of the electric field over that distance.

Two students are discussing how and why the kinetic energy of the proton would change after it is
released.

Student 1 says that if the system is defined as the proton and the spheres, the increase in the proton’s
kinetic energy is due to a change in the system’s potential energy as the proton moves through the
20 V potential difference.

Student 2 says that if the system is defined as only the proton, the kinetic energy of the proton
increases because positive work is done on the proton by the electric field as the proton moves
through the 20 V potential difference.

Discuss each student’s claims, explaining why each is correct or incorrect.
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10 Electric potential and capacitors —
Part 2

Name: — Class: — Date:

Vocabulary JaJjT

Write each word three times. &R BARIPE =,

English 25'd Write it 3 times (English)
Electric potential — Hi#

voltage L

capacitor AR

capacitance ZENS
Recall

In Part A you met electric charge, force, and field. Now two ideas you use every day
without noticing:

» Voltage is written on every battery (1.5 V, 9 V). It is really “electric potential.”
« A capacitor stores charge — it is inside phones, cameras, and flashes.

Each idea has a worked example before the Practice.

New ideas

B ] Electric potential

Electric potential 3 V is the electric potential energy per unit charge, measured
in volts:
V=—.
q
Unlike the field (a vector), potential is a simple number (a scalar), so it is easier to
work with.

AP Physics 2 ¢ Holiday Homework — 10 Electric potential and capacitors — Part 2
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V<0 for -Q "
— positive charge (+Q)

— negative charge (—Q)

B 2 Voltage

The voltage HiJE (potential difference) between two points is the work done per unit
charge to move a charge between them: U = ¢V. A positive charge moves from high
to low potential on its own — like a ball rolling downbhill.

Worked example. Moving a charge of 2.0 C through a potential difference of 6.0 V
transfers U = gV = 2.0 x 6.0 = 12 J of energy.

B 3 Capacitors

A capacitor HZ5#% stores charge on two plates. Its capacitance H%5 links charge
to voltage:

o2
v
and it stores energy U = %CVQ.
< same p.d. V >
: +QI I I —q1 :
| ! | 3‘ ]
| “ | . 0C o
| | = | I I |
+q2 —q2
| |
|
Cs
Q=q1+q C=C+0Cs

Worked example. A 100 uF capacitor charged to 12 V holds Q = CV = 100 x 107% x
12=1.2x 1073 C and stores U = §CV? =1 x 100 x 107 x 122 = 7.2 x 1073 J.

AP Physics 2 ¢ Holiday Homework — 10 Electric potential and capacitors — Part 2



B 4 Charges gain energy from voltage

A charge released across a voltage speeds up, turning electric energy into kinetic

energy:

1,02
qV = smv”.

Watch out: electric potential V' is a scalar (just a number), so potentials from
several charges simply add — much easier than adding field arrows, which are vectors.

Practice
Try these in order. The methods are all above.

2.1 State what electric potential (voltage) measures, in words. 1]

2.2 Moving a 3.0 C charge through a potential difference of 4.0 V — find the energy

transferred. 2]
2.3 A 50 uF capacitor is charged to 10 V. Find the charge it stores. 2]
2.4 For the capacitor in 2.3, find the energy stored (U = 3CV?). 3]

2.5 Explain why electric potential is easier to add up than the electric field, when several

AP Physics 2 ¢ Holiday Homework — 10 Electric potential and capacitors — Part 2



charges are present.
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3. (12 points, suggested time 25 minutes)

The dots in the figure above represent two identical spheres, X and Y, that are fixed in place with their centers in
the plane of the page. Both spheres are charged, and the charge on sphere Y is positive. The lines are isolines of
electric potential, also in the plane of the page, with a potential difference of 10 V between each set of adjacent

lines. The absolute value of the electric potential of the outermost line is 50 V.

(a) Indicate the values of the potentials, including the signs, at the labeled points A and B.
Potential at point A Potential at point B

(b)
i. How do the magnitudes and the signs of the charges of the spheres compare? Explain your answer in
terms of the isolines of electric potential shown.

ii. The spheres at points X and Y have masses in the same ratio as the magnitudes of their charges. The
isolines of gravitational potential for the spheres have shapes similar to those of the isolines shown.
Explain why the two sets of isolines have similar shapes.

Let the potentials at the three labeled points be V,, V, and V. . A proton with charge +¢ and mass m is
released from rest at point B.

(c) Based on your answer to part (b)(ii), briefly describe one similarity and one difference between the electric
and gravitational forces exerted on the proton by the system of the two spheres. The similarity and
difference you describe must not be ones that generally apply to all forces.
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(d) At some time after being released from rest at point B, the proton has moved through a potential difference
of magnitude 20 V.

i. Determine the change in electric potential energy of the proton-spheres system when the proton

il.

1il.

has moved through the 20 V potential difference. Express your answer symbolically in terms of
4, V,» Vg V- and physical constants, as appropriate.

As it moved through the 20 V potential difference, the proton was displaced a distance d by the electric
force. Determine a symbolic expression for the total work done on the proton by the electric field in
terms of the average magnitude E,,, of the electric field over that distance.

Two students are discussing how and why the kinetic energy of the proton would change after it is
released.

Student 1 says that if the system is defined as the proton and the spheres, the increase in the proton’s
kinetic energy is due to a change in the system’s potential energy as the proton moves through the
20 V potential difference.

Student 2 says that if the system is defined as only the proton, the kinetic energy of the proton
increases because positive work is done on the proton by the electric field as the proton moves
through the 20 V potential difference.

Discuss each student’s claims, explaining why each is correct or incorrect.
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4. (10 points, suggested time 20 minutes)

Some students are investigating the behavior of a circuit with four components in series: a resistor of
resistance R, a capacitor of capacitance C, a battery with potential difference € , and a switch. Initially, the
capacitor is uncharged and the switch is open.

(a)

i. Determine the current in the resistor and the potential difference across the capacitor immediately after
the switch is closed.

ii. Determine the current in the resistor and the potential difference across the capacitor a long time after
the switch is closed.

(b) The switch is opened, the capacitor is discharged, and a second, identical capacitor is added to the circuit
in series with the other components. The switch is then closed again.

i. A long time after the switch is closed, the energy stored in the single capacitor in the original circuit
is U, , and the total energy stored in the two capacitors in the new circuit is U, . Calculate the

ratio U, /U, .

ii. The two capacitors in series are to be replaced with a single capacitor that will have the same
energy U, . Indicate a plate area and a distance between the plates for the new capacitor, compared
with one of the original capacitors, that will accomplish this. Support your reasoning using appropriate
physics principles and/or mathematical models.

The students are then asked to design two circuits each containing a switch, a battery with a small internal
resistance, a lightbulb, and a capacitor. In arrangement 1, the bulb should gradually light up after the switch is
closed, becoming brightest after the switch has been closed a long time. In arrangement 2, the bulb should be
brightest when the switch is first closed, getting dimmer with time, and going out completely when the switch
has been closed for a long time.

(c) Using standard symbols, draw two circuit diagrams, one showing a possible circuit for arrangement 1 and
the other showing a possible circuit for arrangement 2. Justify your circuit diagrams with a paragraph-length
explanation referring to the properties of lightbulbs and capacitors in circuits and the conservation of energy
and/or the conservation of charge.

STOP

END OF EXAM
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3. (12 points, suggested time 25 minutes)

The dots in the figure above represent two identical spheres, X and Y, that are fixed in place with their centers in
the plane of the page. Both spheres are charged, and the charge on sphere Y is positive. The lines are isolines of
electric potential, also in the plane of the page, with a potential difference of 10 V between each set of adjacent

lines. The absolute value of the electric potential of the outermost line is 50 V.

(a) Indicate the values of the potentials, including the signs, at the labeled points A and B.
Potential at point A Potential at point B

(b)
i. How do the magnitudes and the signs of the charges of the spheres compare? Explain your answer in
terms of the isolines of electric potential shown.

ii. The spheres at points X and Y have masses in the same ratio as the magnitudes of their charges. The
isolines of gravitational potential for the spheres have shapes similar to those of the isolines shown.
Explain why the two sets of isolines have similar shapes.

Let the potentials at the three labeled points be V,, V, and V. . A proton with charge +¢ and mass m is
released from rest at point B.

(c) Based on your answer to part (b)(ii), briefly describe one similarity and one difference between the electric
and gravitational forces exerted on the proton by the system of the two spheres. The similarity and
difference you describe must not be ones that generally apply to all forces.
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(d) At some time after being released from rest at point B, the proton has moved through a potential difference
of magnitude 20 V.

i. Determine the change in electric potential energy of the proton-spheres system when the proton

il.

1il.

has moved through the 20 V potential difference. Express your answer symbolically in terms of
4, V,» Vg V- and physical constants, as appropriate.

As it moved through the 20 V potential difference, the proton was displaced a distance d by the electric
force. Determine a symbolic expression for the total work done on the proton by the electric field in
terms of the average magnitude E,,, of the electric field over that distance.

Two students are discussing how and why the kinetic energy of the proton would change after it is
released.

Student 1 says that if the system is defined as the proton and the spheres, the increase in the proton’s
kinetic energy is due to a change in the system’s potential energy as the proton moves through the
20 V potential difference.

Student 2 says that if the system is defined as only the proton, the kinetic energy of the proton
increases because positive work is done on the proton by the electric field as the proton moves
through the 20 V potential difference.

Discuss each student’s claims, explaining why each is correct or incorrect.
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11 Current, resistance, and power —
Part 1

Name: - Class: —— Date:

Vocabulary {ajjL

Write each word three times. & HIRTPE =i,

English 3 Write it 3 times (English)
Electric current  Hiji

amperes LI

series R

parallel FEK

Resistance FELBH

Ohm’s law [ QEEEEs

Electric power EERT Y

Recall

You have built simple circuits before:

o A battery pushes a current around a loop of wire to light a bulb.
o More voltage pushes a bigger current; more resistance holds it back.
» You have wired bulbs in a line (series) and side by side (parallel).

This sheet lines these ideas up with exact formulas. Each idea has a worked example.

New ideas

AP Physics 2 ¢ Holiday Homework — 11 Current, resistance, and power — Part 1
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B ] Electric current

Electric current Hijf is the rate at which charge flows past a point, measured in
amperes %35 (A):

Aq
=X

A current needs a complete loop and a source (a battery) to push it.

1

Worked example. If 6.0 C of charge flows past a point in 3.0 s, the current is [ =
Aqg 6.0 90 A
At 3.0 T

B 2 Series and parallel

o In a series H: X circuit the components are in one line, so the same current
flows through each.

o In a parallel 7§t circuit they sit on separate branches, so the same voltage is
across each.

series parallel

—& 2

X

B 3 Resistance and Ohm’s law

Resistance H i R (in ohms) opposes the current. Ohm’s law K& £ links
voltage, current, and resistance:

V =1IR.

AP Physics 2 ¢ Holiday Homework — 11 Current, resistance, and power — Part 1



Acurrent /

ppotential difference V

Worked example. A 2.0 A current through a 6.0 € resistor needs a voltage V = IR =
20x6.0=12V.

B 4 Electric power

Electric power H3JJ3& is the rate a component turns electrical energy into heat,
light or motion:
2 &
P=IV=I"R=—.
R

Pick the form that uses what you know.
Worked example. The 6.0 Q resistor carrying 2.0 A uses P = IR = 2.0°x6.0 = 24 W.

Watch out: in series the current is the same everywhere; in parallel the voltage
is the same across each branch. Mixing these up is the most common circuit mistake.

AP Physics 2 ¢ Holiday Homework — 11 Current, resistance, and power — Part 1



Practice

Try these in order. The methods are all above.

2.1 A charge of 10 C flows past a point in 5.0 s. Find the current. 2]

2.2 State what is the same for every component in (a) a series circuit, (b) a parallel

circuit. 2]
2.3 A 3.0 A current flows through a 4.0 €2 resistor. Find the voltage across it. 2]
2.4 A resistor carries 0.50 A with 6.0 V across it. Find the power it uses. 2]

2.5 A 12 V battery drives a current of 2.0 A through a bulb. Find the bulb’s resistance
and its power. 3]

AP Physics 2 ¢ Holiday Homework — 11 Current, resistance, and power — Part 1
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2. (12 points, suggested time 25 minutes)

A group of students is given several long, thick, cylindrical conducting rods of the same unknown material with
various lengths and diameters and asked to experimentally determine the resistivity of the material using a graph.
The available equipment includes a voltmeter, an ammeter, connecting wires, a variable-output DC power

supply, and a metric ruler.

(a)

1. Describe a procedure the students could use to collect the data needed to create the graph, including
the measurements to be taken and a labeled diagram of the circuit to be used. Include enough detail
that another student could follow the procedure and obtain similar data.

Draw a labeled diagram here.

Write your procedure here.

ii. Describe how the data could be graphed in a way that is useful for determining the resistivity of the

AP Physics 2: 2017

material. Describe how the graph could be analyzed to calculate the resistivity.

The students are now given a rectangular rod of the material, as shown below, whose dimensions are not known.
The students are asked to experimentally determine the resistance of the rod. They obtain the data in the table

below for the potential difference AV across the rod and the current / in it.

Q

AV (V)

6.0

5.0

3.5

2.5

2.0

1.5

1(A)

0.078

0.070

0.044

0.036

0.027

0.018
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a best-fit line. Label and scale the axes. Use the best-fit line to determine the resistance of the rod,

clearly showing your calculations.

(b) On the axes below, plot the data so that the resistance of the rectangular rod can be determined from

Name: (

Briefly describe how this would affect their value of the resistance of the rectangular rod. Explain your

reasoning.
cylindrical rods. Should the students be concerned about this? Explain why or why not.

i. The students realize that they did not take into account the internal resistance of the power supply.
ii. The students realize that they did not take into account a possible change in the temperature of the

(c) After completing their calculations, the students begin to consider the factors that might have produced
uncertainties in their results.
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2. (12 points, suggested time 25 minutes)

Students are given resistor 1 with resistance R, connected in series with the parallel combination of a switch S
and resistor 2 with resistance R, , as shown above. The circuit elements cannot be disconnected from each other,

and other circuit components can only be connected at points A and B. The students also are given an ammeter
and one 9 V battery. The teacher instructs the students to take measurements that can be used to determine R,

and R, .

(a) Complete the diagram below to show how the ammeter and the battery should be connected to
experimentally determine the resistance of each resistor. Describe the experiment by listing the
measurements to be taken and explaining how the measurements would be used to calculate resistances R,

and R, .
Complete the Diagram Describe the Experiment
R,
R,
A B
S
R,
]
A —e [3
S ’_| |_

A second group of students is given a combination of circuit elements that is similar to the previous one but has
an initially uncharged capacitor in series with the open switch, as shown above. The combination is placed in a
circuit with a power supply so that the potential difference between A and B is maintained at 9 V. The students
close the switch and immediately begin to record the current through point B. The initial current is 0.9 A, and
after a long time the current is 0.3 A.

(b)
i. Compare the currents through resistor 1, resistor 2, and the switch immediately after the switch is closed
to the currents a long time after the switch is closed. Specifically state if any current is zero.

ii. Calculate the values of R, and R, .

iii. Determine the potential difference across the capacitor a long time after the switch is closed.
A third group of students now uses the combination of circuit elements with the capacitor. They connect it to a
9 V battery that they treat as ideal but which is actually not ideal and has internal resistance.

(c) How does the third group’s value of R, calculated from the data they collected compare to the second
group’s value? Explain your reasoning with reference to physics principles and/or mathematical models.
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2. (12 points, suggested time 25 minutes)

A battery of emf € and negligible internal resistance, three identical incandescent lightbulbs, and a switch S
that is initially open are connected in the circuit shown above. The bulbs each have resistance R. Students make
predictions about what happens to the brightness of the bulbs after the switch is closed.

(a) A student makes the following prediction about bulb 1: “Bulb 1 will decrease in brightness when the switch
is closed.”

i. Do you agree or disagree with the student’s prediction about bulb 1 ? Qualitatively explain your
reasoning.
ii. Before the switch is closed, the power expended by bulb 1 is P, . Derive an expression for the power

P, expended by bulb 1 after the switch is closed in terms of P, .

new
iii. How does the result of your derivation in part (a)ii relate to your explanation in part (a)i?

(b) A student makes the following prediction about bulb 2: “Bulb 2 will decrease in brightness after the switch
is closed.”

i. Do you agree or disagree with the student’s prediction about bulb 2 ? Explain your reasoning in words.

ii. Justify your explanation with a calculation.

(c) While the switch is open, bulb 3 is replaced with an uncharged capacitor. The switch is then closed.
i. How does the brightness of bulb 1 compare to the brightness of bulb 2 immediately after the switch
is closed? Justify your answer.

ii. How does the brightness of bulb 1 compare to the brightness of bulb 2 a long time after the switch
is closed? Justify your answer.
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11 Combining resistors and circuit rules
— Part 2

Name: — Class: — Date:

Vocabulary aJL.

Write each word three times. & BAEIPE =1,

English E:3'd Write it 3 times (English)
equivalent  resis- ZER{HLFH
tance
Kirchhoff’s  junc- #: /R &E K
tion rule HAL AL T
Kirchhoff’s  loop # /R & &k
rule H o
Recall

In Part A you used V = IR and P = IV for single components. Now handle circuits
with several resistors:

e Resistors in a line add up; resistors side by side share the current.
o Whatever current flows into a junction must flow out again.

Each idea has a worked example before the Practice.

New ideas

B 1 Combining resistors

Replace several resistors with one equivalent resistance Z£%{ H [H:
« Series: Roq = R1 + Ry + -+ (they add).

1 1 1
« Parallel: = — + — +--- (the total is less than the smallest one).
Req Rl R2

AP Physics 2 ¢ Holiday Homework — 11 Combining resistors and circuit rules — Part 2



U L ,&I equivalent I R
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Vi Vo «~V—

Worked example. A 4.0 Q and a 12 () resistor in parallel: R 1 + TIRET

Req = 3.0 2 — smaller than either one.

B 2 The junction rule

Kirchhoff’s junction rule J/REE R H AL EME says the current flowing into a junc-
tion equals the current flowing out (charge is conserved).

3A

TR

at each junction: 3A=2A+1A

Worked example. 1f 4.0 A enters a junction and one branch carries 3.0 A, the other
branch must carry 4.0 — 3.0 = 1.0 A.

B 3 The loop rule

Kirchhoff’s loop rule X /RZE < Hi [E EH: says that, going around any complete
loop, the voltage gains (from the battery) and drops (across resistors) add up to zero
(energy is conserved).

B 4 Capacitor circuits

An RC circuit has a resistor and a capacitor. The capacitor charges up (or dis-
charges) gradually, over a time set by 7 = RC. Right at the start it acts like a plain
wire; once fully charged it blocks the current.

Watch out: putting resistors in parallel makes the total resistance smaller than
the smallest one — because you have opened extra paths for the current. Series makes
it larger.

AP Physics 2 ¢ Holiday Homework — 11 Combining resistors and circuit rules — Part 2



Practice

Try these in order. The methods are all above.

2.1 Find the equivalent resistance of a 3.0 2 and a 5.0 {2 resistor in series. 2]

2.2 Find the equivalent resistance of a 6.0 €2 and a 3.0 €2 resistor in parallel. [3]

2.3 A current of 5.0 A enters a junction. One branch carries 2.0 A. Find the current in
the other branch. 2]

2.4 State the two conservation ideas behind Kirchhoft’s junction rule and loop rule. [2]

2.5 State whether the total resistance of two resistors in parallel is larger or smaller than
the smallest resistor, and explain briefly. 2]

AP Physics 2 ¢ Holiday Homework — 11 Combining resistors and circuit rules — Part 2
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2. (12 points, suggested time 25 minutes)

Students are given resistor 1 with resistance R, connected in series with the parallel combination of a switch S
and resistor 2 with resistance R, , as shown above. The circuit elements cannot be disconnected from each other,

and other circuit components can only be connected at points A and B. The students also are given an ammeter
and one 9 V battery. The teacher instructs the students to take measurements that can be used to determine R,

and R, .

(a) Complete the diagram below to show how the ammeter and the battery should be connected to
experimentally determine the resistance of each resistor. Describe the experiment by listing the
measurements to be taken and explaining how the measurements would be used to calculate resistances R,

and R, .
Complete the Diagram Describe the Experiment
R,
R,
A B
S
R,
]
A —e [3
S ’_| |_

A second group of students is given a combination of circuit elements that is similar to the previous one but has
an initially uncharged capacitor in series with the open switch, as shown above. The combination is placed in a
circuit with a power supply so that the potential difference between A and B is maintained at 9 V. The students
close the switch and immediately begin to record the current through point B. The initial current is 0.9 A, and
after a long time the current is 0.3 A.

(b)
i. Compare the currents through resistor 1, resistor 2, and the switch immediately after the switch is closed
to the currents a long time after the switch is closed. Specifically state if any current is zero.

ii. Calculate the values of R, and R, .

iii. Determine the potential difference across the capacitor a long time after the switch is closed.
A third group of students now uses the combination of circuit elements with the capacitor. They connect it to a
9 V battery that they treat as ideal but which is actually not ideal and has internal resistance.

(c) How does the third group’s value of R, calculated from the data they collected compare to the second
group’s value? Explain your reasoning with reference to physics principles and/or mathematical models.
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Circuit 1 Circuit 2

2. (12 points, suggested time 25 minutes)

The two circuits shown above contain an ideal variable power supply, an ohmic resistor of resistance R, an
ammeter A, and two voltmeters Vpg and Vg . In circuit 1 the ammeter has negligible resistance, and in circuit 2

the ammeter has significant internal ohmic resistance r. The potential difference of the power supply is varied,
and measurements of current and potential difference are recorded.

(a) The axes below can be used to graph the current measured by the ammeter as a function of the potential
difference measured across the power supply. On the axes, do the following.

e Sketch a possible graph for circuit 1 and label it 1.
e  Sketch a possible graph for circuit 2 and label it 2.

A

Current

O Power Supply Potential Difference ]
(b) Let AVpg be the potential difference measured by voltmeter Vg across the power supply, and let / be the

current measured by the ammeter A. For each circuit, write an equation that satisfies conservation of energy,
in terms of AVpg, I, R, and r, as appropriate.

Circuit 1 Circuit 2
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(c) Explain how your equations in part (b) account for any differences between graphs 1 and 2 in part (a).

(d) Incircuit2, R = 40 Q. When voltmeter Vpg reads 3.0 V, voltmeter Vi reads 2.5 V. Calculate the internal
resistance r of the ammeter.

(e) Voltmeter Vg in circuit 2 is replaced by a resistor with resistance 120 Q to create circuit 3 shown below.
Voltmeter Vpg still reads 3.0 V.

Circuit 3

i. Calculate the equivalent resistance R, of the circuit.

ii. Calculate the current in each of the resistors that are in parallel.
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4. (10 points, suggested time 20 minutes)

Some students are investigating the behavior of a circuit with four components in series: a resistor of
resistance R, a capacitor of capacitance C, a battery with potential difference € , and a switch. Initially, the
capacitor is uncharged and the switch is open.

(a)

i. Determine the current in the resistor and the potential difference across the capacitor immediately after
the switch is closed.

ii. Determine the current in the resistor and the potential difference across the capacitor a long time after
the switch is closed.

(b) The switch is opened, the capacitor is discharged, and a second, identical capacitor is added to the circuit
in series with the other components. The switch is then closed again.

i. A long time after the switch is closed, the energy stored in the single capacitor in the original circuit
is U, , and the total energy stored in the two capacitors in the new circuit is U, . Calculate the

ratio U, /U, .

ii. The two capacitors in series are to be replaced with a single capacitor that will have the same
energy U, . Indicate a plate area and a distance between the plates for the new capacitor, compared
with one of the original capacitors, that will accomplish this. Support your reasoning using appropriate
physics principles and/or mathematical models.

The students are then asked to design two circuits each containing a switch, a battery with a small internal
resistance, a lightbulb, and a capacitor. In arrangement 1, the bulb should gradually light up after the switch is
closed, becoming brightest after the switch has been closed a long time. In arrangement 2, the bulb should be
brightest when the switch is first closed, getting dimmer with time, and going out completely when the switch
has been closed for a long time.

(c) Using standard symbols, draw two circuit diagrams, one showing a possible circuit for arrangement 1 and
the other showing a possible circuit for arrangement 2. Justify your circuit diagrams with a paragraph-length
explanation referring to the properties of lightbulbs and capacitors in circuits and the conservation of energy
and/or the conservation of charge.

STOP

END OF EXAM
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12 Magnetic fields and forces — Part 1

Name: - (Class: —— Date:

Vocabulary JajjL

Write each word three times. A BEIRTIE =i .,

English 3 Write it 3 times (English)
magnetic field Wity

magnetic force Wi H

Recall
You have played with magnets before:

o A magnet has a north and a south pole; like poles repel, opposite poles attract.
o Magnets pull on iron and steel.

e A coil of wire carrying a current becomes a magnet — an electromagnet.

This sheet adds the forces that magnetic fields make. Each idea has a worked example.

New ideas

B 1 Magnetic fields

A magnetic field 3% B surrounds every magnet. Field lines run from the north
pole to the south pole outside the magnet, and closer lines mean a stronger field.

Poles always come in pairs — cut a magnet in half and you get two smaller magnets,
never a single pole.

AP Physics 2 ¢ Holiday Homework — 12 Magnetic fields and forces — Part 1
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field lines run from N to S outside the magnet

—<—\ N S /_(_
f I\

B 2 Force on a moving charge

A charge moving across a magnetic field feels a magnetic force % /7:
F =quBsind,

where 6 is the angle between the velocity and the field. The force is at right angles
to the motion, so it bends the charge into a circle without changing its speed.

Worked example. A charge of 1.6 x 107 C moving at 2.0 x 10° m/s across a 0.50 T
field feels F' = quB = 1.6 x 10712 x 2.0 x 10°> x 0.50 = 1.6 x 10~ N,

B 3 Force on a current-carrying wire

A current is moving charge, so a magnetic field pushes on a current-carrying wire:
F =BIL.

This push is what turns the coil in an electric motor.

AP Physics 2 ¢ Holiday Homework — 12 Magnetic fields and forces — Part 1



® current [
into the page

circular field lines (right-hand grip rule)

Worked example. A 0.30 m wire carrying 4.0 A across a 0.20 T field feels F' = BIL =

0.20 x 4.0 x 0.30 = 0.24 N.

Watch out: a charge that is not moving, or one moving along the field lines, feels
no magnetic force. The charge must move across the field to feel a push.

AP Physics 2 « Holiday Homework — 12 Magnetic fields and forces — Part 1
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Practice

Try these in order. The methods are all above.

2.1 State what happens when you cut a bar magnet in half. 1]

2.2 A charge of 2.0 x 107" C moves at 1.0 x 10° m/s across a 0.40 T field. Find the
magnetic force on it. 3]

2.3 A 0.50 m wire carries 3.0 A at right angles to a 0.10 T field. Find the force on it. 2|

2.4 State the direction of the magnetic force on a moving charge, relative to its velocity.|1]

2.5 Explain why a charge moving straight along a magnetic field line feels no magnetic
force. 2]

AP Physics 2 ¢ Holiday Homework — 12 Magnetic fields and forces — Part 1
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The following information applies to parts A and B.

3. In Experiment 1, scientists want to collect data that can be graphed to determine the magnitude
B, of an external, uniform magnetic field. The field is directed into Figure 1 in the region
between identical, parallel, conducting plates that are connected to a power supply of variable
emf €. The plates are a known distance d apart, where d is much smaller than the dimensions of
the plates.

Figure 1

Power Supply

[ 1 © Motion
_I_(p (p _ _ % % Detector
Plate

Note: Figure not drawn to scale.

In each trial, a device emits small, charged spheres with speed v through the region between the
plates. € is varied until the spheres move undeflected toward a motion detector. The scientists
can vary v between trials. Gravitational effects are negligible.

In addition to the equipment shown in Figure 1, the scientists also have access to a voltmeter.
The scientists do not have access to other measuring tools, devices, sensors, or equipment.

Part A

i. Indicate quantities that could be measured using the available equipment that would
allow the scientists to determine B, by using a linear graph.

ii. Briefly describe a method to reduce experimental uncertainty for the measured
quantities indicated in part A (i).

Part B

i. Indicate what quantities the scientists could graph on the horizontal and vertical axes to
create a linear graph that can be used to determine B,. Clearly indicate which quantity
corresponds to each axis.

ii. Briefly describe the relationship between B, and one feature of the graph from part B
(1). Your answer may include an equation that relates B, and the indicated feature of the
graph.
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The following information applies to parts C and D.

In Experiment 2, scientists want to use a graph to determine the mass m of identical, charged
particles that are emitted from a device. Each particle has charge 0 = + 6.4 X 1077 c.

In each trial, a particle is emitted with speed v, = 3.0 X 10° m/s toward a region of external,
uniform magnetic field of variable magnitude B. The radius r of the path along which the
particle moves while in the field, shown in Figure 2, is recorded.

Figure 2
° ° ° °
Yo
L B
~
m, Q ° \Q\ ° °
\
\
° ° \\ ° °
4—]"—»’
[}
° o /| o °
/
/
/
) //6 ° °
° ° ° °

In subsequent trials, B is increased and the resulting r is recorded. Gravitational effects are
negligible. Collected data are provided in Table 1.

Table 1
B() | r(m)
0.04 1.8
0.06 1.2
0.14 0.5
0.16 0.4
0.20 0.3
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Part C

i. Label the axes of the grid provided with measured or calculated quantities. Include

units, as appropriate. The graphed quantities should yield a linear graph that can be used

to determine m.

ii. On the grid, create a graph of the quantities indicated in part C (i).

Label the vertical and horizontal axes with numerical scales.

Plot the corresponding data points on the grid.

Table 2 is provided in your booklet for scratch work, but the table will not be

scored.

Quantity (units, if appropriate)

Quantity (units, if appropriate)

iii. Draw a best-fit line for the data graphed in part C (ii).

PartD

Calculate m from the best-fit line drawn on the grid.
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PHYSICS 2
Section II
Time—1 hour and 30 minutes
4 Questions

Directions: Questions 1 and 4 are short free-response questions that require about 20 minutes each to answer and are
worth 10 points each. Questions 2 and 3 are long free-response questions that require about 25 minutes each to
answer and are worth 12 points each. Show your work for each part in the space provided after that part.

X X X X X X X X X X X X X X X
B B B
L, XXX XX X, X X X X X X X X X
— — —
X X X X X x X X X X X] X
X X X X X X X X X X X X X X X
Conducting

Loop X X X X X X X X X X X X X X X

Time ¢, Time ¢, Time 13

1. (10 points, suggested time 20 minutes)

The figures above show a rectangular conducting loop at three instants in time. The loop moves at a constant
speed v into and through a region of constant, uniform magnetic field B directed into the page. The magnetic
field is zero outside the region.

(a) In a coherent paragraph-length response, compare the magnitude and direction of the current at times ¢, t,,
and #; . Include an explanation of why there is or is not a current and the direction of the current if one is

present. Use fundamental physics concepts and principles in your explanation.
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(b) The loop is removed. A proton traveling to the right in the plane of the page, as shown below, then enters the

region of magnetic field with a speed v = 3.0 x 10° m/s . The magnitude of the field is 0.030 T. The effects
of gravity are negligible.

B y

X X X X X X I
e—+ x x x X X X X
Proton (
z (out of page)

i. Calculate the magnitude of the force on the proton as it enters the field.

ii. On the figure below, sketch a possible path of the proton as it travels through the magnetic field. Clearly
label the path P1.
X X X X X X

X X X X X X

Proton

iii. A second proton now enters the magnetic field at the same point and from the same direction but at a
greater speed than the first proton. On the figure above, draw the path of the second proton as it travels
through the field. Clearly label the path P2.

iv. Next an electric field is applied in the same region as the magnetic field, such that there is no net force on
the first proton as it enters the region. Calculate the magnitude and indicate the direction of the electric
field relative to the coordinate system shown in part (b).
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12 Electromagnetic induction — Part 2

Name: — Class: — Date:

Vocabulary JaJJT
Write each word three times. AR BARTPE = .

English F3 Write it 3 times (English)
electromagnetic  HLRZJERY.
induction
magnetic flux i
Faraday’s law L5
e
Lenz’s law PR B
Recall

In Part A you saw that a current makes a magnetic field. The reverse is just as important:

o Move a magnet near a coil of wire and a current appears — with no battery at all.
e This is how every generator and power station makes electricity.

Each idea has a worked example before the Practice.

New ideas

B ] Electromagnetic induction

A changing magnetic field through a coil drives a current — electromagnetic in-
duction HLRZEL. Move a magnet into a coil, or out of it, and a current flows while
the magnet is moving.

AP Physics 2 ¢ Holiday Homework — 12 Electromagnetic induction — Part 2



push in coil

N S

bar magnet

sensitive galvanometer

B 2 Magnetic flux

The magnetic flux f5ifiF ® = BA measures how much field passes through a loop
of area A. The flux changes if the field strength, the area, or the loop’s angle changes.

B 3 Faraday’s law
Faraday’s law ¥£$7 56 €18 says the induced voltage equals how fast the flux changes:

_AD

5—E.

A coil of N turns gives N times as much.

Worked example. If the flux through a single loop drops from 0.020 Wb to 0.008 Wb

AP 0.020 — 0.008
in 0. fEe= = =0.40 V.
in 0.030 s: € AL 0.030 040 V

B 4 Lenz’s law

Lenz’s law R EfHE says the induced current flows in the direction that opposes
the change that caused it. This is really energy conservation — you must do work to
push the magnet, and that work becomes the electrical energy.

Watch out: it is the change in flux that induces a current, not the flux itself. A
magnet sitting still inside a coil induces nothing — the magnet has to be moving.

AP Physics 2 ¢ Holiday Homework — 12 Electromagnetic induction — Part 2



Practice
Try these in order. The methods are all above.

2.1 State what must happen for a coil to have a current induced in it. 1]

2.2 The flux through a single loop rises from 0.010 Wb to 0.030 Wb in 0.040 s. Find the
induced voltage. 3]

2.3 A coil has 50 turns. If one turn would give 0.40 V, what voltage does the whole coil
give? 2]

2.4 State what Lenz’s law tells you about the direction of an induced current. 1]

2.5 A student holds a magnet still inside a coil and expects a current. Explain why none
flows. 2]

AP Physics 2 ¢ Holiday Homework — 12 Electromagnetic induction — Part 2
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Question 1: Version J

1. Very long Wire 1 carries current I in the +x-direction along the line y = 0. Very long Wire 2
carries current I in the +x-direction along the line y = +d. Point P is located along Wire 1 at
the origin, as shown in Figure 1. The diameters of the wires are small compared to the distance
between the wires. Both wires are in the xy-plane.

Figure 1
y
Wire 2 I
y=+d--3 —— }——
Wire 1 1
y= 0—3 ° [E—— A— X
P

Note: Figure not drawn to scale.
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M I UIVY 4 MRV LU UMY £VEAY T 8 ke W WITWE Wk I IW I

i. Complete the following tasks in figures 2 and 3. Use either arrows or the symbols shown
in the box above the figures for your response.

* Indicate the direction of the magnetic field from Wire 2 at Point P in Figure 2.

* Indicate the direction of the magnetic force that is exerted on Wire 1 by Wire 2 in

Figure 3.
Symbols
X Into the page @ Out of the page
Magnetic Field from Magnetic Force on Wire 1
Wire 2 at Point P by Wire 2

Figure 2 Figure 3

ii. Very long Wire 3 carrying current 2] in the +x-direction is placed in the xy-plane along
the line y = y3. The net magnetic force exerted on Wire 1 by the currents in wires 2 and 3
is zero.

Derive an expression for y; in terms of d. Begin your derivation by writing a
fundamental physics principle or an equation from the reference information.
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M I UIVY 4 MRV LU UMY £VEAY T 8 ke W WITWE Wk I IW I

B. Wire 3 is moved very far away from wires 1 and 2. A circular conducting loop in the
xy-plane is initially held at rest below Wire 1. The loop is then moved at a constant speed in
the —y-direction, as shown in Figure 4.

Figure 4
Wire 2 I
3 — } +
Y
Wire 1 Ji
3 — }

Loop

Note: Figure not drawn to scale.

Indicate whether there is a clockwise induced current in the loop, a counterclockwise
induced current in the loop, or no induced current in the loop.

Clockwise
Counterclockwise
There is no induced current in the loop.

Justify your answer.
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PHYSICS 2
Section II
Time—1 hour and 30 minutes
4 Questions

Directions: Questions 1 and 4 are short free-response questions that require about 20 minutes each to answer and are
worth 10 points each. Questions 2 and 3 are long free-response questions that require about 25 minutes each to
answer and are worth 12 points each. Show your work for each part in the space provided after that part.

X X X X X X X X X X X X X X X
B B B
L, XXX XX X, X X X X X X X X X
— — —
X X X X X x X X X X X] X
X X X X X X X X X X X X X X X
Conducting

Loop X X X X X X X X X X X X X X X

Time ¢, Time ¢, Time 13

1. (10 points, suggested time 20 minutes)

The figures above show a rectangular conducting loop at three instants in time. The loop moves at a constant
speed v into and through a region of constant, uniform magnetic field B directed into the page. The magnetic
field is zero outside the region.

(a) In a coherent paragraph-length response, compare the magnitude and direction of the current at times ¢, t,,
and #; . Include an explanation of why there is or is not a current and the direction of the current if one is

present. Use fundamental physics concepts and principles in your explanation.



Name: ( ) AP Physics 2: 2018

(b) The loop is removed. A proton traveling to the right in the plane of the page, as shown below, then enters the

region of magnetic field with a speed v = 3.0 x 10° m/s . The magnitude of the field is 0.030 T. The effects
of gravity are negligible.

B y

X X X X X X I
e—+ x x x X X X X
Proton (
z (out of page)

i. Calculate the magnitude of the force on the proton as it enters the field.

ii. On the figure below, sketch a possible path of the proton as it travels through the magnetic field. Clearly
label the path P1.
X X X X X X

X X X X X X

Proton

iii. A second proton now enters the magnetic field at the same point and from the same direction but at a
greater speed than the first proton. On the figure above, draw the path of the second proton as it travels
through the field. Clearly label the path P2.

iv. Next an electric field is applied in the same region as the magnetic field, such that there is no net force on
the first proton as it enters the region. Calculate the magnitude and indicate the direction of the electric
field relative to the coordinate system shown in part (b).
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13 Reflection and refraction — Part

Name: - (Class: —— Date:

Vocabulary JajjL

Write each word three times. A BEIRTIE =i .,

English 3 Write it 3 times (English)

Geometric optics  JLf[YE2#
law of reflection  Jz 5} g
angle of incidence A £f
angle of reflection i £f

refraction P55t

index of refraction f74}%

Snell’s law WERE
f
total internal re- 4xfzMff
flection
Recall

You have watched light behave in these ways:

e A mirror bounces light back — you see your reflection.
o A straw in a glass of water looks bent where it enters the water.
o Fibre-optic cables carry light for long distances.

This sheet gives these effects exact laws. Each idea has a worked example.

AP Physics 2 ¢ Holiday Homework — 13 Reflection and refraction — Part 1
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New ideas

B ] Reflection

Geometric optics JLfi] 2% treats light as straight rays. The law of reflection
W52 says the angle of incidence A} equals the angle of reflection 5|8,
both measured from the normal (the line at right angles to the surface).

normal
|

incident ray reflected ray

plane mirror (i =7)

B 2 Refraction

When light passes from one material into another its speed changes, so it bends —
c

refraction #74f. Each material has an index of refraction #T5}*% n = — (how
v

much it slows light). Light entering a denser material (larger n) bends toward the
normal.

normal
|

incident ray

air

glass

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
:
|
: refracted ray

bends towards the normal (i > 7)

AP Physics 2 ¢ Holiday Homework — 13 Reflection and refraction — Part 1
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B 3 Snell’s law
The bending follows Snell’s law Hj /K &

ny sin #; = ng sin f,.

Worked example. A ray in air (ny; = 1.00) enters water (ny = 1.33) at 40°: sinfy =

1.00
133 sin40° = 0.483, so 6, = 29° — it bends toward the normal, as expected going into

the denser medium.
B 4 Total internal reflection

When light tries to leave a dense material at a steep enough angle, it reflects entirely
back inside — total internal reflection 4. This is how optical fibres trap light
and carry it for kilometres.

Watch out: all these angles are measured from the normal, not from the surface.
Measuring from the surface is the most common error in optics.

Practice
Try these in order. The methods are all above.

2.1 A ray hits a mirror at 30° to the normal. State the angle of reflection. 1]

2.2 State what happens to the direction of light entering a denser material (bends toward
or away from the normal). [1]

2.3 A ray in air (n; = 1.00) enters glass (ny = 1.50) at 30° to the normal. Use Snell’s
law to find the angle in the glass. 3]

2.4 Glass has an index of refraction of 1.5. Find the speed of light in the glass (¢ =

AP Physics 2 ¢ Holiday Homework — 13 Reflection and refraction — Part 1

©



3.0 x 10% m/s).

2.5 State what total internal reflection is used for, and why it works.

AP Physics 2 « Holiday Homework — 13 Reflection and refraction — Part 1
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PHYSICS 2
SECTION II
Time—1 hour and 30 minutes

4 Questions

directions: Questions 1 and 4 are short free-response questions that require about 20 minutes each to answer and are
sorth 10 points each. Questions 2 and 3 are long free-response questions that require about 25 minutes each to
nswer and are worth 12 points each. Show your work for each part in the space provided after that part.

Norlmal

Mirror

Figure 1
. (10 points, suggested time 20 minutes)

A rectangular tank with a mirrored bottom is filled with water (index of refraction n,). A beam of light passes
from air (index of refraction n,) into the water at angle 6; from the normal, as shown in Figure 1. Index of
refraction ny, is greater than index of refraction n,.

(a) On the following diagram, sketch the entire path of the beam as the beam enters, travels through, and then exits
the water.

Normal

i
|
a

GO ON TO THE NEXT PAGE.
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conunue your response 10 QWUESITIVUN 1 On TnIsS page.

Norlmal Norlmal
l l
0, : n 9, i n
\q a \IQI a,
I | nw
! e
nm
Model A Model B
Figure 2

Sugar is then added to the water, resulting in a mixture that has a different index of refraction than water.
A student considers two models, Model A and Model B, for how the sugar mixes with water. The models are
shown in Figure 2.

Model A: The sugar is uniformly mixed throughout the water, resulting in a mixture with index of refraction n,
such that n,, > n,.

Model B: Layers are formed of varying concentrations of sugar in the water. There are three distinct layers of
equal volume. The top layer is only water (index of refraction n,,). The middle layer has the same concentration
of sugar as the mixture in Model A (index of refraction n,,). The bottom layer has the highest concentration of
sugar (index of refraction ny).

(b) Consider Model A. Briefly describe how the observed wavelength of light changes, if at all, as the beam
travels from air into the mixture.

GO ON TO THE NEXT PAGE.
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(c) Relevant angles between the beam and the normal for the various layers present in models A and B are
defined in the following table.

Model A Model B
0; |Incident angle of the beam in air 0; |Incident angle of the beam in air
0 Angle the beam makes with the normal in
2 [the top layer in Model B
0 Angle the beam makes with the normal in 0 Angle the beam makes with the normal in
I | the mixture in Model A 3 | the middle layer in Model B
0 Angle the beam makes with the normal in
4 | the bottom layer in Model B

1. Determine an expression for 8y in terms of 8;, n,, and ny,.

ii. Rank the angles from greatest to least, with 1 being greatest. If two angles are the same value, give them
the same ranking.

0, 0, 0, 6,

Briefly explain your reasoning using appropriate physics principles and/or mathematical models.

GO ON TO THE NEXT PAGE.
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conunue your response 10 QWUESITIVUN 1 On TnIsS page.

Norlmal
I
6; .
\Cf a
|
nW
Original Tank
Norlmal Norlmal
| l
0 | n 9; i n
\q a \|<:l a,
| | ny,
! e
nm
Model A Model B

For the original tank filled with water, the beam is observed to exit the surface of the water a horizontal

distance d,, from the entry point. For models A and B, the horizontal distances are d, and dp, respectively.

(d) Determine whether d, and dp are each greater than, less than, or equal to d;,. It is NOT necessary to

compare dp to dg. Briefly justify your answer.

GO ON TO THE NEXT PAGE.
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13 Images from mirrors and lenses —
Part 2

Name: - Class: — Date:

Vocabulary fajjL

Write each word three times. {845 ERIE =3

English oy Write it 3 times (English)
converging Pg

diverging KL

real image SR

virtual image 54

Recall

In Part A you saw light reflect and refract. Now those effects form images:

o A magnifying glass makes small print look bigger.
e A camera lens makes a small picture on its sensor.

e A curved mirror can focus light to a point.

Each idea has a worked example before the Practice.
New ideas

B 1 A converging lens

A converging 2% (convex) lens bends parallel rays to meet at its focal point, a
distance f away.
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converging lens

principal focus F'

\: 7p;i;1<7:ipa| axis
|

~<~—focal length f—

A diverging % #{ (concave) lens spreads rays out instead.

B 2 The thin-lens equation

For an object a distance d, from a lens, the image forms at d; where

L1
do d;

N e

1
Worked example. An object 30 cm from a converging lens with f = 10 cm: T =
11 2 '

— — — =—,s0d; =15 cm.
10 30 30

B 3 Magnification

The magnification is

where the size tells you how much bigger, and the sign tells you upright (+) or inverted
(=)
15 . . .

Worked example. For the lens above, m = 30 = —0.5 — the image is half-size and
inverted (a camera picture).
B 4 Real and virtual images

o A real image 3£1% forms where rays actually meet — you can catch it on a screen

(a camera, a projector).

o A virtual image fEf% only appears to be there — you see it by looking through
the lens (a magnifying glass).

Watch out: a positive image distance means a real image (on a screen); a negative
one means a virtual image (seen by looking through). Keep the signs straight.
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Practice

Try these in order. The methods are all above.

2.1 State what a converging lens does to parallel rays of light. 1]

2.2 An object is 20 cm from a converging lens of focal length f = 5.0 cm. Find the image

distance. 3]
2.3 For the lens in 2.2, find the magnification. 2]
2.4 State whether the image in 2.2 is upright or inverted, and how you can tell. 1]

2.5 Give one everyday device that uses a real image and one that uses a virtual image.|2]

AP Physics 2 ¢ Holiday Homework — 13 Images from mirrors and lenses — Part 2
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2. (12 points, suggested time 25 minutes)

A student is given a glass block that has been specially treated so that the path of light can be seen as the light
travels through the glass. The student is asked to design an experiment to measure the index of refraction of the
glass. The light source available in the laboratory is a hydrogen lamp that emits red light of a known wavelength.

(a) A linear graph is to be used to determine the index of refraction of the glass. Indicate the quantities that
should be graphed and describe how the graph could be used to determine the index of refraction of the
glass.

(b) Outline an experimental procedure that could gather the necessary data. Include sufficient detail so that
another student could follow your procedure. In addition to the glass block and the hydrogen lamp, the
equipment in a typical classroom laboratory is available.

(c) Predict how the path of the light will change as it enters the glass. Support your prediction using a
qualitative comparison of the speed of light in glass and the speed of light in air.

(d) Describe the process(es) by which red light from the lamp is produced by hydrogen atoms that are initially
in the ground state. Draw and label an energy level diagram that supports the atomic process(es) you
describe.
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Screen

Convex
Lens

Plate on Hidden
Side of Box

E

Light Box
with Plate

3. (12 points, suggested time 25 minutes)

Some students are asked to determine the focal length of a convex lens. They have the equipment shown above,
which includes a waterproof light box with a plate on one side, a lens, and a screen. The box has a bright light
inside, and the plate on the side has shapes cut out of it through which the light shines to create a bright object.
This particular plate has a cutout that is a vertical arrow and a horizontal bar with a circle at one end. In the view

shown above, the circle is near the right edge of the plate.

With the screen and light box on opposite sides of the lens, the box is aligned so that the plate is 20 cm from the
center of the lens, and an image of the arrow and bar is formed on the screen. The students find that the image is

clear on the screen when the screen is 30 cm from the center of the lens.

(a) On the figure below, sketch how the image on the screen appears to the students.

(b)

1. Calculate the focal length of the lens.

ii. Calculate the magnitude of the magnification of the image.
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()

In the side view below, the arrow represents the bright object created by the plate. Draw a ray diagram
on the figure below that is consistent with your calculations in parts (b)(i) and (ii). Show at least two
rays, as well as the location and orientation of the image.

ii. Explain how your diagram is consistent with your calculated focal length and magnification in parts
(b)(i) and (ii).

(d) The entire apparatus is now submerged in water, whose index of refraction is greater than that of air but
less than that of the lens.

i. The figures below show cross sections of the top portion of the convex lens in air and the convex lens

in water. An incident ray is shown in both cases. On each figure, draw the ray as it passes through the
lens and back into the air or water.

Cross Section of

Cross Section of
Lens in Air

Lens in Water

ii. Describe how the focal length of the lens and the position and size of the image formed by the lens

when it is in the water compare to when the lens is in air. Explain how the rays drawn in the figures
in part (d)(i) support your answer.
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14 Waves, sound, and the wave equa-
tion — Part 1

Name:

Class: — Date:

Vocabulary JaJjT

Write each word three times. &R BARIPE =,

English 25'd Write it 3 times (English)
wave w
Transverse lit)d
Longitudinal I\
wavelength WK
frequency iR
amplitude VRIS
wave speed T
Electromagnetic — HLRZDY
waves
Doppler effect %2 3 35
R

Recall

Waves are all around you:

» Ripples spread across a pond; sound travels through the air; light reaches you from a

lamp.

« A wave carries energy from place to place, but the water or air itself stays put.

* You have used speed = frequency x wavelength before.

This sheet lines up the wave ideas the AP course builds on. Each idea has a worked

example.
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New ideas

B 1 What a wave is
A wave ¥ carries energy without carrying the material along. There are two kinds:

movement

of energy
E————

vibration
of rope

o Transverse fij{: the material moves at right angles to the wave (a rope wave,
light).
« Longitudinal 2\j%: the material moves back and forth along the wave (sound).

B 2 Describing a wave
« wavelength J7{: )\ — the distance between repeats,
o frequency Jfi¥ f — cycles per second,
« amplitude i A — the largest displacement (linked to energy),
o wave speed J{#: v = f), set by the material the wave travels in.

Worked example. A note of frequency 340 Hz travels through air at 340 m/s, so its
v 340

wavelength is A\ = 7 300 1.0 m.

B 3 Electromagnetic waves

Electromagnetic waves HLf i (radio, light, X-rays) are made of oscillating electric
and magnetic fields. They all travel through empty space at the speed of light ¢ =

3.0 x 10® m/s and need no material.

frequency / Hz

10* 109 101! 1014 10t 1016 1019 10%2
|
|

10% 101 1073 10°% 1+ 1077 10-8 10~ 10~ 14
|
wavelength / m |
|
- . :

radio micro- infra- visible uv X-rays ~-rays

waves red
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B 4 The Doppler effect

The Doppler effect £ 3#%f( . is the change in the frequency you hear when a
source moves toward or away from you: approaching sounds higher-pitched, moving
away sounds lower. It is why a passing siren drops in pitch.

Watch out: when a wave moves into a new material, its frequency stays the
same (set by the source) but its speed and wavelength change. Do not assume
the wavelength is fixed.

Practice

Try these in order. The methods are all above.

2.1 State the difference between a transverse and a longitudinal wave, with one example
of each. 2]

2.2 A wave has frequency 50 Hz and wavelength 0.40 m. Find its speed. 2]

2.3 A radio wave travels at 3.0 x 10® m/s with frequency 1.0 x 108 Hz. Find its wave-
length. 2]

2.4 A siren passes you at speed. Describe how the pitch you hear changes as it approaches
and then moves away. [2]

2.5 A sound of frequency 200 Hz passes from air (speed 340 m/s) into water (speed

AP Physics 2 ¢ Holiday Homework — 14 Waves, sound, and the wave equation — Part 1



1500 m/s). State what happens to its frequency and to its wavelength.
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4. Two narrow slits are a distance d apart. A screen is a distance L from the midpoint of the slits,
where L > d. When a laser emits monochromatic light toward the slits, a pattern of narrow
bright and dark bands is observed on the screen. The centers of bright bands A and B are
indicated. Three additional bright bands, including the central bright band, are observed on the
screen between bands A and B, as shown.

Screen
Bright Band A
- L >
T
d F————="—"——— - Central Bright Band
i3
Slits Bright Band B

Note: Figure not drawn to scale.

A student claims that the distance between the center of Band A and the center of the central
bright band is smaller when using a laser that emits violet light than when using a laser that
emits red light.

A. Indicate whether the student’s claim is correct or incorrect. Without manipulating
equations, justify your answer by referencing the difference in path length traveled by the
light from each slit to the center of Band A.

B. Derive an expression for the distance between the centers of bands A and B when light of
frequency fis emitted toward the slits. Express your answer in terms of d, L, f, and physical
constants, as appropriate. Begin your derivation by writing a fundamental physics principle
or an equation from the reference information.

C. Indicate whether the expression you derived in part B is or is not consistent with your
answer from part A. Briefly justify your answer.

STOP
END OF EXAM
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14 Interference, standing waves, and
diffraction — Part 2

Name: — Class: — Date:

Vocabulary Ja]iT

Write each word three times. P& BRI E = .

English i Write it 3 times (English)
Constructive KT

interference

Destructive inter- FHiH 11

ference

standing wave LaR)3

nodes WA

antinodes g

Diffraction i)
Recall

In Part A you described single waves. Now see what happens when two waves meet:

o Two sets of ripples cross and make a criss-cross pattern.
o A guitar string vibrates in a fixed shape and sounds a clear note.
» Waves bend around a corner so you hear sound from another room.

Each idea has a worked example before the Practice.

New ideas
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B ] Adding waves (superposition)

When two waves overlap they simply add:

« Constructive interference f{ T — crest meets crest — makes a bigger wave.
o Destructive interference fj§ T — crest meets trough — cancels out.

B 2 Standing waves

Two waves travelling in opposite directions in a fixed space form a standing wave
9E, with nodes 77 (points that never move) and antinodes I i§ (points that
move the most). This is how a guitar string or a pipe makes a note.

| SRR e ——— et T ——eeeeen
..l - ~< et .. - S~ Lt

- ~ =
- .. ~ - .- ~
- REETTS P L ~~ - RRRETT N R S~

e e,
— ~

—_—— JUPTEET R —_———— JUPETEET TR ——
~~ ... _-" ~ - -

o g r e
JPE ~ - .. Lt ~ -
| S RRET R NPELL S————

e e,
ot ~

— = moving right =---- moving left = resultant

Worked example. A string 0.65 m long, fixed at both ends, fits half a wavelength

in its simplest note, so A = 2L = 1.30 m. If waves travel at 260 m/s, the note is
v 260

— = —— =200 Hz.

X 1.30 ‘

B 3 Diffraction

Diffraction fi74} is the bending and spreading of waves around edges or through
gaps. It is largest when the gap is about the same size as the wavelength.
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7 7
(a) wide gap (b) narrow gap”
gap > A: little spreading gap ~ \: strong spreading

B 4 The double slit

Light passing through two close slits makes a pattern of bright and dark fringes,
where the waves interfere. Bright fringes appear where the two paths differ by a
whole number of wavelengths.

Watch out: diffraction is only obvious when the gap is close to the wavelength.
Sound (long wavelength) bends around a doorway easily; light (tiny wavelength)
needs a very narrow slit to spread noticeably.
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Practice

Try these in order. The methods are all above.

2.1 State what happens when a crest of one wave meets (a) a crest of another, (b) a
trough of another. [2]

2.2 On a standing wave, state what a node is and what an antinode is. 2]

2.3 A string 0.50 m long, fixed at both ends, has A = 2L in its simplest note. Waves
travel at 300 m/s. Find the frequency of the note. 3]

2.4 Explain why you can hear sound coming from around a corner, but cannot see around
it. 2]

2.5 State what you would see on a screen when light passes through two closely spaced
slits. 1]
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Steel Bars

4. (10 points, suggested time 20 minutes)

A large boat like the one shown above has a mass A7 , and can displace a maximum volume ¥, . The boat is
floating in a river with water of density p,, .., and is being loaded with steel beams each of density p_,,, and

volume V. The boat owners want to be able to carry as many beams as possible.

teel *

(a) Derive an expression for the maximum number N of steel beams that can be loaded on the boat without
exceeding the maximum displaced volume, in terms of the given quantities and physical constants, as
appropriate.

(b) The captain realizes that oil is leaking from the boat, creating a thin film of oil on the water surface. In
one area of the oil film the surface looks mostly green. Explain in detail how constructive interference
contributes to the green appearance. Assume the index of refraction of the oil is greater than the index of
refraction of the water.

(c) Later the boat is floating down the river with the water current, heading for a town. The river has a width of
60 m and a constant depth and flows at a speed of 5 km/hr. Partway to the town, the river narrows to a

width of 30 m while its depth remains the same. Calculate the speed of the water in the narrow section.

STOP

END OF EXAM
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Name: — Class: — Date:

Vocabulary JaJJT
Write each word three times. AR BARTPE = .

English F3 Write it 3 times (English)
quanta T

photons W F

Wave-particle du- i ¥ — 4

ality {2

energy levels RE

photoelectric FEHL R,

effect

work function iR T

Recall

You have heard some surprising ideas about light and atoms:

o Light comes in tiny packets called photons, not just a smooth wave.
o Atoms give off particular colours — think of the orange glow of a street lamp.
o Shining light on some metals can knock electrons out.

This sheet makes these quantum ideas exact. Each idea has a worked example.
New ideas

B 1 Photons

At tiny scales, energy comes in packets called quanta & . Light is carried by
photons J{;-f, each with energy set by its frequency:

E=hf,
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where h = 6.63 x 10734 J s is Planck’s constant. Higher-frequency light means higher-
energy photons.

Worked example. A green-light photon of frequency 5.0 x 10** Hz carries £ = hf =
6.63 x 10734 x 5.0 x 10 = 3.3 x 10719 J.

B 2 Wave—particle duality

Wave—particle duality J 7 4% means light (and even matter) shows both wave
behaviour (interference, diffraction) and particle behaviour (photons, single hits).

electron beam

A
m
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

electron
gun thln
gr?.ﬁ)hlte fluorescent screen:
ilm

ring pattern

B 3 Energy levels

An atom’s electrons can sit only in certain energy levels §82%. An electron jumps
between levels by absorbing or emitting a photon whose energy exactly matches the
gap. Because the gaps are fixed, each element gives off its own set of colours — a
fingerprint.

energy / eV

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, n=o0 0eV

- = —0.54 eV
T =4 08V
T =3 —15eV

emits a photon
hf =FEy — E;

n=1 —13.6 eV (ground state)
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B 4 The photoelectric effect

Shining light on a metal can eject electrons — the photoelectric effect YSHR. —
but only if the photon’s frequency is high enough. The escaping electron’s energy is

Kax = hf - Qba

where ¢ is the work function i# ) (the energy needed to free an electron).

Watch out: below the threshold frequency, no electrons come out, no matter how
bright the light. Brightness adds more photons, but each one must individually be
energetic enough.

Practice

Try these in order. The methods are all above.

2.1 Find the energy of a photon of frequency 4.0 x 10 Hz (h = 6.63 x 1073 Js).  [2]

2.2 State what “wave—particle duality” means, in one sentence. 1]

2.3 An electron drops between two energy levels, emitting a photon. State what decides
the photon’s energy. 1]

2.4 Light of frequency 9.0 x 10'* Hz hits a metal with work function ¢ = 4.0 x 1071? J.
Find the maximum kinetic energy of an ejected electron. 3]

2.5 A very bright red light shines on a metal but ejects no electrons, while a dim blue
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light does. Explain why.
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Begin your response to QUESTION 1 on this page.

PHYSICS 2
SECTION II

Time—1 hour and 30 minutes

4 Questions

Directions: Questions 1 and 4 are short free-response questions that require about 20 minutes each to answer and are
worth 10 points each. Questions 2 and 3 are long free-response questions that require about 25 minutes each to
answer and are worth 12 points each. Show your work for each part in the space provided after that part.

1. (10 points, suggested time 20 minutes)

In each trial of a photoelectric experiment, a scientist uses a device to shine light of a single frequency on two

different metals, 1 and 2. The device can emit light with frequency f,, fg, or f.. Each frequency of light is used

to test both metals.

The scientist determines the minimum de Broglie wavelength A, of the electrons ejected from the metal in each

trial of the experiment. The following table summarizes the results of the experiment. For each trial, the scientist

analyzes only the electrons with the minimum de Broglie wavelength.

Trial Frequency of Light Metal Tested Ae (X107 10 m)
1 N Metal 1 6.9
2 N Metal 2 94
3 /s Metal 1 No electrons ejected
4 fB Metal 2 No electrons ejected
5 Je Metal 1 5.3
6 Je Metal 2 6.3

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 1 on this page.

(a) In a coherent, paragraph-length response, indicate which frequency, f,, fg, or f., is greatest and which

frequency is least. Justify your answer using physics principles.

(b) Calculate the maximum kinetic energy of the electrons ejected from Metal 1 in Trial 1. Assume that the
momentum p of an ejected electron can be described by the classical definition p = mv.

(c) Indicate whether the work function of Metal 1 is greater than, less than, or equal to the work function of
Metal 2. Justify your answer by referring to the table of results.

GO ON TO THE NEXT PAGE.
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2. (12 points, suggested time 25 minutes)

A student is given a glass block that has been specially treated so that the path of light can be seen as the light
travels through the glass. The student is asked to design an experiment to measure the index of refraction of the
glass. The light source available in the laboratory is a hydrogen lamp that emits red light of a known wavelength.

(a) A linear graph is to be used to determine the index of refraction of the glass. Indicate the quantities that
should be graphed and describe how the graph could be used to determine the index of refraction of the
glass.

(b) Outline an experimental procedure that could gather the necessary data. Include sufficient detail so that
another student could follow your procedure. In addition to the glass block and the hydrogen lamp, the
equipment in a typical classroom laboratory is available.

(c) Predict how the path of the light will change as it enters the glass. Support your prediction using a
qualitative comparison of the speed of light in glass and the speed of light in air.

(d) Describe the process(es) by which red light from the lamp is produced by hydrogen atoms that are initially
in the ground state. Draw and label an energy level diagram that supports the atomic process(es) you
describe.
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2. (12 points, suggested time 25 minutes)

A student is given a glass block that has been specially treated so that the path of light can be seen as the light
travels through the glass. The student is asked to design an experiment to measure the index of refraction of the
glass. The light source available in the laboratory is a hydrogen lamp that emits red light of a known wavelength.

(a) A linear graph is to be used to determine the index of refraction of the glass. Indicate the quantities that
should be graphed and describe how the graph could be used to determine the index of refraction of the
glass.

(b) Outline an experimental procedure that could gather the necessary data. Include sufficient detail so that
another student could follow your procedure. In addition to the glass block and the hydrogen lamp, the
equipment in a typical classroom laboratory is available.

(c) Predict how the path of the light will change as it enters the glass. Support your prediction using a
qualitative comparison of the speed of light in glass and the speed of light in air.

(d) Describe the process(es) by which red light from the lamp is produced by hydrogen atoms that are initially
in the ground state. Draw and label an energy level diagram that supports the atomic process(es) you
describe.
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15 The nucleus - fission, fusion, and
decay — Part 2

Name: - Class: —— Date:

Vocabulary JajjL

Write each word three times. {5 BIRTPE =i,

English 3 Write it 3 times (English)
nucleus R

Fission ZAAR

Fusion A

radioactive decay Tt 4 T

75
alpha B[ 7K ¥ %
75
beta D1 ¥ AR
gamma IS5
half-life I

Recall
You already know some nuclear physics:

o Atoms have a tiny, dense nucleus of protons and neutrons.
« Some atoms are radioactive and give off radiation.

e Nuclear power and the Sun both release huge amounts of energy.

This sheet explains where that energy comes from. Each idea has a worked example.
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New ideas

B ] Energy from the nucleus

The nucleus Jfi 4% stores enormous energy. Two processes release it:

« Fission Z¢4% splits a heavy nucleus into lighter pieces (nuclear reactors).
» Fusion F7AF joins light nuclei into a heavier one (the Sun).

4 56Fe
235U
c 87
S ——
o
s fission
ey most stable nucleus  (split heavy nuclei)
93 (B/A = 8.8 MeV)
>Z
9\
TN
cm 4
o fusion
c (join light nuclei)
©
£
Ko} 2 A
0 T T T T >
0 50 100 150 200

nucleon number, A

B 2 Mass becomes energy

Both release energy because the products have slightly less mass than the starting
materials, converted by Einstein’s equation

E = md.

Worked example. If a reaction loses 1.0 x 1072 kg of mass, it releases £ = mc? =

1.0 x 1073 x (3.0 x 10%)? = 9.0 x 103 J — a tiny mass, an enormous energy.

B 3 Radioactive decay

Unstable nuclei undergo radioactive decay J{ i AF, emitting three kinds of
radiation:
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paper aluminium lead

stopped
by paper

3 _ stopped
- by aluminium

Y > --- only reduced

o alpha [i[/R¥%FEAF — a helium nucleus (stopped by paper),
o beta NIIEIEAF — a fast electron (stopped by aluminium),
o gamma flZ3E4F — a high-energy photon (needs thick lead).

B 4 Half-life

of the remaining nuclei have decayed.

half-lives, so the fraction left is (%)3 = & (about 12.5%).

— use this to balance a decay equation and find the new nucleus.

Practice

Try these in order. The methods are all above.

2.1 State the difference between nuclear fission and nuclear fusion.

2.2 A nuclear reaction loses 2.0 x 107 kg of mass. Find the energy released (c
3.0 x 10® m/s).

AP Physics 2 ¢ Holiday Homework — 15 The nucleus - fission, fusion, and decay — Part 2

Decay is random, but a sample halves every half-life 23 #: after each half-life, half

Worked example. A sample has a half-life of 8.0 days. After 24 days that is 24/8.0 = 3

Watch out: in every decay, the total mass number and total charge are conserved

3]



2.3 Name the three types of radioactive decay, in order of increasing penetrating power. 2]

2.4 A sample has a half-life of 5.0 years. What fraction remains after 15 years? 3]

2.5 State the two quantities that are always conserved in a radioactive decay. 1]
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Light

f
o 7
\\\ © Electrons

Metal

3. (12 points, suggested time 25 minutes)
Monochromatic light of frequency f shines on a metal, as shown above. The frequency of the light is varied, and
for some frequencies electrons are emitted from the metal. The maximum kinetic energy K, of the emitted
electrons is measured as a function of the frequency of the light.

(a)
i. Based on conservation of energy, the relationship between K, and fis predicted to be Af = B + K,
when f > f; and K, = 0 when f < f,, where Aand B are positive constants. A graph of this
relationship is shown below. Indicate which aspects of the graph correspond to A and B. Also, explain

the physical meaning of A, B, and f,.
K

e
A

o =f
(0] %

ii. Explain the physical meaning of the horizontal section of the graph between the origin and f, .

iii. A second metal with different properties than the first metal is now used. On the figure below, the
dashed lines are the same lines shown in the previous graph. Sketch lines on the figure below that
could represent the data for the second metal. Explain one difference between the two graphs.

K

e
\ ’
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(b) The figure below shows an electroscope. A sphere is connected by a vertical bar to the leaves, which are
thin, light strips of material. The sphere, leaves, and bar are all made of metal. The electroscope initially has
a negative charge, so the leaves are separated.

Light

&\\\ Sphere

5

Leaves
~—]

i. Ultraviolet (UV) light shines on the sphere, causing the leaves of the electroscope to move closer
together. Explain why this happens.

ii. Green light then shines on an identical negatively charged electroscope. No movement of the leaves is
observed. Explain why the green light does not make the leaves move, while the UV light does.

(c) The brightness of the green light is increased until the intensity (power per unit area) is the same as that of
the UV light. What aspect of the green light changes when its brightness is increased? Would shining the
brighter green light on the electroscope result in movement of the leaves? Explain why or why not.
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4. (10 points, suggested time 20 minutes)

Light and matter can be modeled as waves or as particles. Some phenomena can be explained using the wave
model, and others can be explained using the particle model.

(a) Calculate the speed, in m/s, of an electron that has a wavelength of 5.0 nm.

(b) The electron is moving with the speed calculated in part (a) when it collides with a positron that is at rest. A
positron is a particle identical to an electron except that its charge is positive. The two particles annihilate each
other, producing photons. Calculate the total energy of the photons.

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink only. Do NOT write your name. Do NOT write outside the box.
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wUILILLIUCT yUUI IUOPUI 10T IV WWVELEDITIWVINY = UII LI1D PGHU
Photon Electron Electron
’\/\/\/—> o (]
Before Collision After Collision

(Photon not shown)

(c) A photon approaches an electron at rest, as shown above on the left, and collides elastically with the
electron. After the collision, the electron moves toward the top of the page and to the right, as shown above on
the right, at a known speed and angle. In a coherent, paragraph-length response, indicate a possible direction
for the photon that exists after the collision and its frequency compared to that of the original photon. Describe
the application of physics principles that can be used to determine the direction of motion and frequency of the
photon that exists after the collision.

GO ON TO THE NEXT PAGE.

Use a pencil or pen with black or dark blue ink onlv. Do NOT write vour name. Do NOT write outside the box.
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STOP

END OF EXAM
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Electron

Note: Figure not drawn to scale.

. (12 points, suggested time 25 minutes)

A hydrogen atom can be modeled as an electron in a circular orbit of radius r about a stationary proton, as shown
above. The gravitational force between the proton and electron is negligible compared to the electrostatic force

between them.

(a) Derive an equation for the speed v of the electron in terms of r and physical constants, as appropriate.

(b) Derive an equation for the total energy of the atom in terms of r and physical constants, as appropriate.

GO ON TO THE NEXT PAGE.




Name: ( ) AP Physics 2: 2022

Continue your response to QUESTION 3 on this page.

(c) When the hydrogen atom absorbs a photon, the electron moves to an orbit with a larger radius and the total
energy of the atom increases. Is your equation for the energy derived in part (b) consistent with this description
of the model of a hydrogen atom absorbing a photon? Explain why the equation is or is not consistent.

(d) Experiments show that a hydrogen atom can absorb a photon of frequency 3.2 X 10" Hz.

1. Calculate the energy of a photon with this frequency.

ii. A student claims that when a hydrogen atom absorbs a photon at this frequency, the energy could be
converted into mass, adding an electron to the atom. Calculate the amount of energy needed to create a
particle with the mass of an electron and determine whether or not there is sufficient energy gained by the
atom to add another electron.

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 3 on this page.

Before Photon After Photon
Absorbed Absorbed
V U K A Ug K
K i

UE .

v

iii. The left bar chart in the figure above is complete and represents the initial electric potential energy Ug ; of the
atom and the initial kinetic energy K; of the electron before the photon is absorbed. In the space provided on the
right, draw a bar chart to represent a possible final electric potential energy of the atom and final kinetic energy of
the electron.

GO ON TO THE NEXT PAGE.










