2024

AP Physics 2:
Algebra-Based

Free-Response Questions

© 2024 College Board. College Board, Advanced Placement, AP, AP Central, and the acorn logo are registered
trademarks of College Board. Visit College Board on the web: collegeboard.org.

AP Central is the official online home for the AP Program: apcentral.collegeboard.org.



https://apcentral.collegeboard.org
https://collegeboard.org

AP® Physics 2 2024 Free-Response Questions

AP® PHYSICS 2 TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m,, =1.67 X 1077 kg
Neutron mass, m, =1.67 x 107 kg
Electron mass, m, = 9.11 x 107! kg

Avogadro’s number, N, = 6.02 X 10% mol™

Universal gas constant, R = 8.31 J/(mol-K)

Boltzmann’s constant, k, = 1.38 x 1072 J/K

e=160x10"" C
leV=160x10"7
¢ =3.00x10* m/s

Electron charge magnitude,

1 electron volt,

Speed of light,

Universal gravitational
constant,

Acceleration due to gravity
at Earth’s surface,

G =6.67x107"" m?/kg.s?

g=98 m/s2

1 unified atomic mass unit,

Planck’s constant,

Vacuum permittivity,

1u=1.66x10"" kg = 931 MeV/c?

h=663x10"%Js=4.14x107" eV.s
he =1.99 x 107 Jom = 1.24 x 10° eV.nm
£, = 8.85x 1072 C2/N.m?

Coulomb’s law constant, k = 1/ dney = 9.0 X 10° N-mz/ c?
Vacuum permeability, Uy = 4m X 107’ (T-m)/A
Magnetic constant, k" = p, /47 =1X 107’ (T-m)/A
1 atmosphere pressure, ]l atm = 1.0 x 10 N/m2 =1.0x10° Pa
meter, m mole, mol watt, \\% farad, F
UNIT kilogram, kg hertz, Hz coulomb, C tesla, T
SYMBOLS second, S newton, N volt, \ degree Celsius, °C
ampere, A pascal, Pa ohm, Q electron vollt, eV
kelvin, K joule, J henry, H
PREFIXES VALUES OF TRIGONOMETRIC FUNCTIONS FOR COMMON ANGLES
Factor | Prefix | Symbol 0 o 30° 37° 45° 53° 60° 90°
10'2 tera T 5 5
. sin@ 0 1/2 3/5 2/2 4/5 3/2 1
1 09 gl ga G / / / / /
105 mega M cosd 1 V32 | 4/5 | V2/2 | 3/5 1/2 0
10° kilo k tan6 0 V3/3 | 3/4 1 4/3 3 oo
1072 centi c
107 milli m The following conventions are used in this exam.
1076 micro U I. The frgme of reference of any problem is assumed to be inertial unless
otherwise stated.
107 nano n II. In all situations, positive work is defined as work done on a system.
10712 pico p III. The direction of current is conventional current: the direction in which
positive charge would drift.
IV. Assume all batteries and meters are ideal unless otherwise stated.
V. Assume edge effects for the electric field of a parallel plate capacitor
unless otherwise stated.
VI. For any isolated electrically charged object, the electric potential is
defined as zero at infinite distance from the charged object.
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ELECTRICITY AND MAGNETISM

AP® PHYSICS 2 EQUATIONS
MECHANICS
v, =V, +at a = acceleration |F | 1 qgs]
A = amplitude El T 4rey 2
X=X+ vt + laxﬂ d = distance B
2 E = energy E=TE
F = force q
2
V)C - ¥x0 + 2ax ('x - xO) f = frequency
Y PR I = rotational inertia |a| = %@
a= o= ,’7‘;’ K = Kinetic energy o r
k = spring constant AU, = gAV
‘ Ff‘ < ﬂ‘ F‘ L = angular momentum
¢ = length __1 g
. e m = mass drmey r
c T P = power
R p = momentum | E| _ |AV]
p=m r = radius or separation Ar
Ap = F At T = perlod AV—Q
r = time - C
K = 1 '’ U = potential energy 4
2 v = speed C = Kgog
AE =W = Fd = Fdcos6 W = work done on a
system 0
B - E=_-=_
AE X = position £yA
P=- y = height
o = angular acceleration U. = lQAV _ lC(AV)Z
- L2 = coefficient of friction €2 2
9—00+a)0t+20/t u
0 = angle _AQ
0=, +at T = torque T At
o = angular speed
x = Acos(wt) = Acos(27 ft) 1 ¢ r= Pl
U = ~k? T A
2
P 2 M, _
cm zmi AUg = mgAy P=IAV
e A
é; — T — @ T = 2_71- = l I = TV
1 1 o f
_ _ . R, =YR
7 =rF =rFsin@ Ts:27r\/% s e
L=1Iw 1 1
4 > = 2.
AL = At T, =2z ¢ R, Z‘Ri
_1,2 7 mny C, = ZCI
K=lo IF,|=G g i
A " 1 _yl
F| = k|3 gola c, ~ ~C,
m
Gmym, _H I
Us = T 2w r

= area

= magnetic field

= capacitance

= distance

= electric field

= emf

= force

current

= length

= power

= charge

= point charge

= resistance

= separation

= time

potential (stored)
energy

electric potential

speed

dielectric
constant

= resistivity

ST XIRV~A~NTamAAT R
1]

AT
non

>
|

= angle
b=

flux
ﬁM =qv X B
‘IT“M‘ = |q\7||sin9”§‘

Fy=1lxB

‘FM‘ = ‘I?“sinH”E‘

®y = B-A

D, = ‘B‘COSQ‘A‘
_ _Ady
Y

E = Bly
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AP® PHYSICS 2 EQUATIONS
FLUID MECHANICS AND THERMAL PHYSICS WAVES AND OPTICS
_m A =area P d = separation
p= Vv F =force f f = frequency or
P h =depth focal length
P = X k =thermal conductivity n=% h = height
K =Kkinetic energy v L = distance
P = Ry + pgh L = thickness n,sin6, = n,sin6, M= magnification
m = mass m = an integer
F, = pVg n = number of moles 1 + 1 — 1 n = index of
N = number of molecules S 8 f refraction
Amr = Ayvy P = pressure s = distance
h, S; d
1 5 Q = energy transferred to a M| = |1 =+ v = spee
B+ pgy + Ep Vi system by heating hy 5o A = wavelength
_ P2 + pgy, + %pvzz j ::frrnnferature AL = mA 6 = angle
U = internal ener dsing = mh
= inter
0 KAAT &y
AL V = volume
v = speed GEOMETRY AND TRIGONOMETRY
PV = nRT = NkgT Wi qul;done on a system Rectangle A = area
3 Y :delg't A = bh C = circumference
K = EkBT p = density ) V = volume
Triangle S = surface area
W =-PAV A= b = base
AU =0+ W 2 h = height
Circl ¢ = length
trele 5 w = width
A=nmr r = radius
MODERN PHYSICS =2
E = hf E = energy Rectangular solid Right triangle
f = frequency V = (lwh 2 24
Kypax = =0 K = kinetic energy c=at
m = mass Cylinder sing =4
A= h p = momentum V = 12l 9
p A= wavelength 5 cosf = 2
¢ = work function § =2xrl +2znr c
E =mc a
Sphere tan6 = i
_4_3
V= gﬂr c ;
S = 4xr? 0 90%
b
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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 4, 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 Ao (X10™ 10 m)
1 N Metal 1 6.9
2 N Metal 2 9.4
3 /s Metal 1 No electrons ejected
4 /s Metal 2 No electrons ejected
5 fo Metal 1 5.3
6 fo 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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Begin your response to QUESTION 2 on this page.

Gas Molecule

Heaterj :I

Chamber
\.f\.
® o [ ]
° [ ]
[ ] [ ] [ J

o .° o ., Sensors

2. (12 points, suggested time 25 minutes)

Note: Figure not drawn to scale.

Figure 1

In Experiment 1, shown in Figure 1, a sample of an ideal gas is contained in an insulated, sealed chamber with
thin, rigid walls. The chamber contains a heater and sensors that measure the temperature and pressure of the gas.
A student is asked to design an experiment to determine the number N of molecules of the gas contained in the

chamber.

(a) Describe a procedure for collecting data that would allow the student to determine an experimental value
for N. Provide enough detail so that a student could replicate the experiment, including any steps necessary to

reduce experimental uncertainty.

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 2 on this page.

(b)
i. On the following axes, sketch a curve or line to represent the expected relationship between the
pressure P and the volume V of the gas while the heater is on. Draw an arrow on the curve or line to
represent the direction of the resulting thermal process.

ii. On the following axes, sketch a curve or line to represent the expected relationship between the internal
energy U and the volume V of the gas while the heater is on. Draw an arrow on the curve or line to
represent the direction of the resulting thermal process.

0

iii. Briefly justify why the curve or line drawn in part (b)(ii) has the shape that you sketched.

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 2 on this page.

Chamber
Gas Molecule\r\
[ J [ ]
® PY o °
° ° . o
5.:| o Container S
Heater ° @ ensors
o %1 -
< \\ ° °

Material \aquid

Note: Figure not drawn to scale.

Figure 2

In Experiment 2, shown in Figure 2, a liquid-filled container that is completely wrapped with a material of
uniform thickness 0.01 m is inside the sealed chamber that is filled with an ideal gas. The material has a total area
of 0.06 m? in contact with the gas. The heater is turned on. As the temperature 7 of the gas increases, the

following data for the temperature 7} of the liquid and the rate % of energy transfer are collected.

75 (K) 7 (K) 213
295 295 0.0
371 303 26.3
425 308 43.1
475 313 60.0
528 323 75.0

(c) The student is asked to determine an experimental value of the thermal conductivity k of the material used to
wrap the container inside the sealed chamber.

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 2 on this page.
Horizontal Axis:

GO ON TO THE NEXT PAGE.
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i. Indicate what measured and/or calculated quantities could be graphed to yield a straight line that could
columns in the table to list any calculated quantities you graph in addition to the data provided.

be used to calculate an experimental value for the thermal conductivity k£ of the material. Use the blank
ii. Plot the data points for the quantities indicated in part (c)(i) on the graph provided. Clearly scale and

label all axes, including units, as appropriate.

AP® Physics 2 2024 Free-Response Questions
Vertical Axis:

Visit College Board on the web: collegeboard.org.

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

(d) Using the best-fit line, calculate an experimental value for k.
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Begin your response to QUESTION 3 on this page.

Figure 1

3. (12 points, suggested time 25 minutes)

A circuit consists of an ideal battery of emf £ and four identical resistors R, Ry, R3, and Ry, each of
resistance R, as shown in Figure 1.

(a) For parts (a)(i) and (a)(ii), express your answers in terms of numerical values, €, and R only.

i. Derive an expression for the current /; in Resistor R;.

ii. Derive an expression for the current /5 in Resistor Rs.

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

(b) The partially completed bar chart in Figure 2 shows a bar that represents the absolute value |AV| of the
p y P g %
potential difference across the ideal battery.

* In Figure 2, draw a bar to represent | AV| across each resistor, relative to the emf £ of the ideal
battery.

* The height of each bar should be proportional to the value of | AV| represented by that bar.
If |AV] is zero, write a “0” in that column.

av] |

Battery R;, R, R; Ry

Figure 2

A student claims that the rate at which energy is dissipated (power) by the circuit can be expressed

as P=——.
SR

(c) State whether the expression for P is correct or incorrect. Justify your answer by referring to the derivations
from part (a) or the bar chart from part (b).

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

<
]
[\
aA'A%

)
|

|
| l
|

S |

Figure 3

When the ideal battery is connected in the original circuit, the rate at which energy is dissipated by Resistor R,
is Fyiginal- The ideal battery is now replaced with a nonideal battery of emf € and internal resistance r to form
the new circuit shown in Figure 3. The rate at which energy is dissipated by Resistor R, in the new circuit

1S Pow-
(d) Indicate whether B, is greater than, less than, or equal to F¢ina1-

P

new

P

riginal —— “new

<P P

original —— “new

=P

original

> F,

Briefly justify your answer.

GO ON TO THE NEXT PAGE.
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Begin your response to QUESTION 4 on this page.
4. (10 points, suggested time 20 minutes)
Two particles, 1 and 2, have different mass and charge as described by the following.
e Particle 1 has mass M and negative charge —Q.

M
e Particle 2 has mass ey and positive charge +20.

In separate trials, a device is used to accelerate each particle in the —y-direction from rest through a potential
difference of absolute value |AV|. The polarity of the potential difference can be adjusted so that a particle with
either positive charge or negative charge can be accelerated in the —y-direction by the device. Gravitational effects
are negligible.

After moving through the potential difference, particles 1 and 2 exit the device with kinetic energies K
and K5, respectively.

. K
(a) Calculate the ratio ?
1

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 4 on this page.

Region of
Constant 'Um'form O Particle
Magnetii\fleld l +x
+Z

Figure 1

After exiting the device, the particles enter a large region of constant uniform magnetic field of magnitude B,
that is directed in the +z-direction (out of the page), as shown in Figure 1. Each particle is moving in

the —y-direction when entering the region, and each particle is moving in the +y-direction when exiting the
region.

(b)
i. Determine an expression for the speed of Particle 2 in the region. Express your answer in terms
of M, K,, and physical constants, as appropriate.

ii. Derive an expression for the horizontal distance Ax between the locations where Particle 2 enters and
leaves the region. Express your answer in terms of M, Q, K5, B, and physical constants, as appropriate.

GO ON TO THE NEXT PAGE.
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Continue your response to QUESTION 4 on this page.

(c) On the following diagram in Figure 2, sketch and clearly label the paths of both particles 1 and 2 in the
region.

Region of +y
Constant Uniform .
Particl
Magnetic Field O Particle
| CL——H
M e

[ L] [ [ ] [ ] [ ] L] [ ] [ L] ° L]
[ ] L [ ] [ [ ] [ ] L] [ ] [ [ ] [ ] [

B,
° L] [ ] [ ] [ ] ° L] [ ] [ ] [ ] [ ] L]
[ L] ° [ L] [ L] ° ° o [ °
[ L [ ] [ ] [ ] [ ] [ [ ] [ [ ] [ [
[ ] L] [ ] [ ] [ ] [ ] L] [ ] [ ] [ ] [ ] L]

Figure 2

(d) A uniform electric field is added to the region such that Particle 1 of negative charge —Q travels with constant
speed in a straight line through the region. Determine the direction of the electric field.

GO ON TO THE NEXT PAGE.
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STOP

END OF EXAM
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