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ADVANCED PLACEMENT PHYSICS C TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m, =1.67 X 10" kg | Electron charge magnitude, e =1.60 x 107" C
Neutron mass, m, = 1.67 x 1072 kg 1 electron volt, 1 eV = 1.60 x 107'° J
Electron mass, m, = 9.11 x 10731 kg Speed of light, ¢ =3.00x10° m/s
Avogadro’s number, N, = 6.02 x 10% mol™" Universal gravitational & _ ¢ 67 1011 (N-m2 ) / kg?
constant,
. _ Acceleration due to gravity _ 2
Universal gas constant, R = 8.31 J/(mol.K) at Barth’s surface, g=98 m/ s
Boltzmann’s constant, k, =1.38 x 1075 J/K
1 unified atomic mass unit, lu=166x10"" kg = 931 MeV/ ¢?
Planck’s constant, h=663x10"*Js =414 x 1075 eV.s
he =199 x 107 J.m = 1.24 x 10’ eV.nm
Vacuum permittivity, gy =885x 1072 ¢? / (N-mz)
Coulomb’s law constant, k = 1/(4me,) = 9.0 X 10° (N.m2 )/C2
Vacuum permeability, Uy = 4m X 107 (T-m)/A
Magnetic constant, k" = g, /(47) =1x1077 (T-m)/A
1 atmosphere pressure, latm = 1.0 x 10° N/m2 =1.0x10° Pa
meter, m mole, mol watt, \W% farad, F
kilogram, kg hertz, Hz coulomb, C tesla, T
UNIT . S
SYMBOLS second, S newton, N volt, A\ degree Celsius, C
ampere, A pascal, Pa ohm, Q electron volt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 0 30° 37° 45° 53° 60° 90°
10° giga G siné 0 1/2 35 | V22 | 4/5 | B2 |
10° | mega M cos 6 1 /2 | 45 | V22 | 3/5 1/2 0
103 kilo k tan@ 0 V3/3 | 3/4 1 4/3 V3 oo
1072 centi c
10~ milli m The following assumptions are used in this exam.
1076 micro M I. The ’grame of reference of any problem is inertial unless otherwise
stated.
10~ nano n II. The direction of current is the direction in which positive charges
10_12 pico p would drift.
III.  The electric potential is zero at an infinite distance from an isolated
point charge.
IV. All batteries and meters are ideal unless otherwise stated.
V. Edge effects for the electric field of a parallel plate capacitor are
negligible unless otherwise stated.




ADVANCED PLACEMENT PHYSICS C EQUATIONS

MECHANICS
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GEOMETRY AND TRIGONOMETRY
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AP® Physics C: Mechanics 2023 Free-Response Questions

Begin your response to QUESTION 1 on this page.

PHYSICS C: MECHANICS
SECTION 11
Time—45 minutes

3 Questions

Directions: Answer all three questions. The suggested time is about 15 minutes for answering each of the questions,

which are worth 15 points each. The parts within a question may not have equal weight. Show all your work in this
booklet in the spaces provided after each part.

x | Spring P

|
|
|
I
T

0

X

Figure 1

1. A block sitting on a horizontal surface is pushed against a spring, Spring P, that is attached to a wall, compressing
the spring a distance x, as shown in Figure 1. The block is then released from rest. The block slides along the

horizontal surface and up a ramp, reaching a maximum height 4, p. Frictional forces between the block and all
surfaces are negligible.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Mechanics 2023 Free-Response Questions

Continue your response to QUESTION 1 on this page.

A student compares /i, p for Spring P with the maximum height ,,, o achieved with a different spring,
Spring Q. Each spring exerts a force of magnitude F on the block that varies as a function of the distance x that
the spring is compressed, as shown in Figure 2. For Spring P, Fp(x) = kx, where k = 100.0 N/m, and for
Spring Q, Fy(x) = Cx'"?, where C = 20.0 N/m'/2.

F (N)
)
10.0 | |
— Spring P
---Spring Q
6.0 L=

-
-
-
-

8.01

-
—
-
~

4.0

2.04—=

0.0 » X (m)
0.000 0.020 0.040 0.060 0.080 0.100

Figure 2

(a) For the experiment, the block is pushed against one of the springs, compressing the spring a
distance x = 0.010 m. The block is then released from rest. In Trial 1, Spring P is used, and in Trial 2,
Spring Q is used. On the following dots, representing the block in Trials 1 and 2, draw and label the forces
(not components) that are exerted on the block at the instant the block is released. Each force must be
represented by a distinct arrow starting on, and pointing away from, the dot. The lengths of the horizontal
vectors should represent the relative magnitude of the horizontal forces and the lengths of the vertical vectors
should represent the relative magnitude of the vertical forces.
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GO ON TO THE NEXT PAGE.
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AP® Physics C: Mechanics 2023 Free-Response Questions

Continue your response to QUESTION 1 on this page.

(b)

i. What feature(s) of the graph in Figure 2 could be used to estimate the work done on the block by each
spring as each spring is compressed?

ii. There is one compression distance x(, for which the maximum height 4,,,, reached by the block is the
same regardless of which spring, Spring P or Spring Q, is used. Predict whether the value of x( is greater

than, less than, or equal to 0.040 m. Use the graph in Figure 2 to justify your answer.

iii. On the axes provided, for both Spring P and Spring Q, sketch a graph of the maximum height £,
reached by the block as a function of the distance each spring is compressed for values of x ranging from 0
to 0.100 m. Clearly label the curve for Spring P and Spring Q.

Minax (M)
A

> x(m)

0.000 0.020 0040 0.060 0.080 0.100
GO ON TO THE NEXT PAGE.
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AP® Physics C: Mechanics 2023 Free-Response Questions

Continue your response to QUESTION 1 on this page.

Block
A

Block

H
. =

Spring Q
=0
Figure 3
(c) Spring Q is attached to the wall and is at equilibrium, as shown in Figure 3. Block A has a mass of 0.120 kg
and Block B has a mass of 0.070 kg. Block A is held at rest at the top of the ramp and Block B is at rest on
the horizontal surface. The student releases Block A, and it moves down the ramp and collides with Block B.

The change in vertical height of Block A is H = 0.75 m. After the collision, the blocks stick together and
move to the right, compressing the spring. Frictional forces between the blocks and all surfaces are negligible.

i. Calculate the velocity of the two-block system immediately after the collision between Blocks A and B.

ii. Calculate the maximum compression of the spring.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Mechanics 2023 Free-Response Questions

Continue your response to QUESTION 1 on this page.

(d) Spring Q where Fp(x) = Cx''? is replaced by a different nonlinear sprin , Spring R, and the procedure
pring Q p y pring, Spring p
described in part (c) is repeated. For Spring R, Fr(x) = Dx'"?. The maximum compression of Spring R is
greater than the maximum compression of Spring Q. Which of the following correctly compares the

constants C and D ?

C<D C>D C=D

Briefly justify your answer.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Mechanics 2023 Free-Response Questions

Begin your response to QUESTION 2 on this page.

Figure 1 Figure 2

2. A student makes a torsional pendulum by suspending a uniform disk of mass M and radius R from a light wire
with torsion constant x that is attached to the center of the disk as shown in Figure 1. The rotational inertia of the
disk is given by I = %MRZ. The student conducts an investigation to determine the relationship between the
period of oscillation 7' of the torsional pendulum and the number N of identical disks that are suspended from

the wire.

The student starts with a single disk. Holding the disk at a small initial angular displacement 6, from the
untwisted position, the student releases the disk from rest and the pendulum oscillates. The student records the
period of oscillation for a single disk. An additional identical disk is attached, as shown in Figure 2, and the

procedure is repeated for N = 2 disks. This procedure is repeated through N = 10 identical disks. Assume the
disks move together as one system.

. [ . . . .
(a) Using T = 2z, | —, derive an expression for T as a function of N. Express your answer in terms
K

of M, R, x, N, and physical constants, as appropriate.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Mechanics 2023 Free-Response Questions

Continue your response to QUESTION 2 on this page.

1
(b) The potential energy stored in the torsional pendulum when the disks are displaced is U = 5 K(AH)Z. On the
following axes, sketch a graph of the maximum kinetic energy K, of the torsional pendulum as a function

of N for N > 1.

max

GO ON TO THE NEXT PAGE.
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AP® Physics C: Mechanics 2023 Free-Response Questions

Continue your response to QUESTION 2 on this page.

(c) The student plots the data for 7' as a function of JN, as shown.
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1. Draw the best-fit line for the data.

ii. The student previously determined that the radius of a disk is R = 0.2 m and found that ¥ = 1.6 N-m.
Using the graph, calculate the mass M of a single disk.

iii. The student finds that the value given by the manufacturer for the mass of the disk is less than the value
determined experimentally in part (c)(ii). Determine a single source of experimental error that could result
in the observed difference in the value of M. Justify your answer.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Mechanics 2023 Free-Response Questions

Continue your response to QUESTION 2 on this page.

(d) The student repeats the experiment, but now the disks have a density that varies as a function of the radius of
the disk according to p = 0.3r.

i. Would the slope of the best-fit line for this new data be greater than, less than, or the same as the slope of
the best-fit line in part (c)(i) ?

greater than less than ___the same as

Justify your answer.

ii. When N = 1, the maximum angular speed of the torsional pendulum with a uniform disk is found to
be wyy. When N = 1, the maximum angular speed of the torsional pendulum with a nonuniform disk is
@ pon-u- Which of the following correctly compares @y and @,y ?

Oy > Opop-U 0Oy < Opop-U — 0y = @pon-U

Briefly justify your answer.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Mechanics 2023 Free-Response Questions

Begin your response to QUESTION 3 on this page.

e
-
! I ==

B A

Note: Figure not drawn to scale.

Figure 1

3. A system consists of a small sphere of mass m and radius R at rest on a horizontal surface and a uniform rod of
mass M = 2m and length ¢ attached at one end to a pivot with negligible friction, where R < /. There is
negligible friction between the surface and the sphere to the right of Point A and nonnegligible friction to the left
of Point A. The rod is held horizontally as shown in Figure 1, then is released from rest. The total rotational
inertia of the rod about the pivot is %M ¢% and the rotational inertia of the sphere about its center is %mRz. After
the rod is released, the rod swings down and strikes the sphere head-on. As a result of this collision, the rod is
stopped, and the ball initially slides without rotating to the left across the horizontal surface.

(a) Derive an expression for the angular speed of the rod just before striking the sphere in terms of the length ¢
and physical constants as appropriate.

GO ON TO THE NEXT PAGE.
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AP® Physics C: Mechanics 2023 Free-Response Questions

Continue your response to QUESTION 3 on this page.

(b) Derive an expression for the linear speed v of the sphere immediately after colliding with the rod in terms of
the length ¢ and physical constants as appropriate.

After sliding a short distance, at time ¢ = O the sphere encounters a region of the horizontal surface with a
coefficient of kinetic friction u, beginning at Point A as indicated in Figure 1. The sphere begins rotating while
sliding and eventually begins rolling without sliding at Point B, also as indicated.

(c) In the following diagram, which represents the sphere while the sphere is traveling between Points A and B,
draw and label the forces (not components) that act on the sphere. Each force must be represented by a distinct
arrow starting on, and pointing away from, the point of application on the sphere.

O

(d) Derive an expression for each of the following as the sphere is rotating and sliding between points A and B in
terms of v, u, R, t, and physical constants as appropriate.

i. The linear velocity v of the center of mass of the sphere as a function of time #

ii. The angular velocity @ of the sphere as a function of time ¢

GO ON TO THE NEXT PAGE.
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AP® Physics C: Mechanics 2023 Free-Response Questions

Continue your response to QUESTION 3 on this page.
©)

i. Derive an expression for the time it takes the sphere to travel from Point A to Point B in terms of v, u,
and physical constants as appropriate.

ii. Derive an expression for the linear velocity of the sphere upon reaching Point B in terms of v,

GO ON TO THE NEXT PAGE.
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STOP

END OF EXAM
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