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AP® PHYSICS 2 TABLE OF INFORMATION

CONSTANTS AND CONVERSION FACTORS

Proton mass, m,, =1.67 x 107 kg
Neutron mass, m, = 1.67 X 107 kg

Electron mass, m, = 9.11 x 10731 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/JK

Electron charge magnitude,

1 electron volt,

Speed of light,

Universal gravitational
constant,
Acceleration due to gravity
at Earth’s surface,

e=160x10""° C

1eV=160x10"7

¢ =3.00x10% m/s

g=98 m/s2

G =6.67x10"" m?/kg.s?

1 unified atomic mass unit,

Planck’s constant,

Vacuum permittivity,
Coulomb’s law constant,
Vacuum permeability,
Magnetic constant,

1 atmosphere pressure,

K = py/4n =1x1077 (T-m)/A

lu=1.66x10"7 kg = 931 MeV/c?

h=663x10"%Js =4.14 x 107 eV.s

he =1.99 x 107 J.m = 1.24 x 10° eV.nm
£y = 8.85%x 1072 C2/N.m?
k = 1/4ze, = 9.0 x 10° N.m?/C?
o = 47 x 1077 (T.m)/A

latm = 1.0 x 10° N/m? = 1.0 x 10° Pa

meter, m mole, mol waltt, W farad, F
UNIT kilogram, kg hertz, Hz coulomb, C tesla, T
SYMBOLS second, S newton, N volt, \Y 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 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
RN 2|y [k s |
106 mega M cosf 1 V32 | 4/5 | V2/2 | 3/5 1/2 0
10° kilo k tan6 0 V3/3 | 3/4 1 4/3 N oo
1072 centi c
1072 milli m The following conventions are used in this exam.
106 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.
-12 ; III. The direction of current is conventional current: the direction in which
10 p1co P . .
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




AP® PHYSICS 2 EQUATIONS

MECHANICS
v, =V, t+at a = acceleration
A = amplitude
X=X+ vt +laxt2 d = distance
2 E = energy
F = force
2 2
Vi =Vxo T 2ax (X - xO) f = frequency
= I = rotational inertia
F F
a= 2F = fet K = Kkinetic ener,
gy
m m .
k = spring constant
‘ ﬁf‘ < ,u‘ E, ‘ L = angular momentum
¢ = length
2 m = mass
Ge =77 P = power
. p = momentum
p=mv r = radius or separation
Ap = F At T = period
t = time
K =12 U = potential energy
v = speed
AE =W = Fd = Fdcos® W = work done on a
system
AE X = position
= A1 y = height
o = angular acceleration
0 =6, + oyt + %atz u = coefficient of friction
6 = angle
0=, + ot T = torque
o = angular speed
x = Acos(wt) = Acos(27 ft) 1,
Us = Ekx
Zmixi
X =
e Sy m; AU, = mgAy
a = 27 - Tner T = 2z _ 1
I 1 o f
T =rF =rFsin@ T =27 /M
g k
L=1Iwo 7
AL = T At T, = 2”\/;
1, = mym,
K_Elw |Fg|_G 2
ES = k|x| g —_ _&
m
G
UG — _ mn,

ELECTRICITY AND MAGNETISM

7y = L ol
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A = area

B = magnetic field

C = capacitance

d = distance

E = electric field

E = emf

F = force

I = current

¢ = length

P = power

O = charge

q = point charge

R = resistance

r separation

t time

U = potential (stored)
energy

V = electric potential

v = speed

k = dielectric

constant

p = resistivity
0 = angle
= flux

I:"M:qﬁxlg‘

Fy| = lasindl|3

Fy,=1lxB

|Fy| =|17]|sin6)|B]
®, = B-A

@ = |Blcost|4]
£E= —AZB

£ =By
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AP® PHYSICS 2 EQUATIONS

FLUID MECHANICS AND THERMAL PHYSICS WAVES AND OPTICS
m A =area P d = separation
P=v F = force T f f = frequency or
P h = depth focal length
P = " k =thermal conductivity n=%t h = height
K =Kkinetic energy v L = distance
P = PRy + pgh L = thickness n sin@ =n,sing, M= magnification
m = mass m = an integer
F, = pVg n = number of moles 1 + 1 — 1 n = index of
N = number of molecules s Sy f refraction
P = pressure I N s = distance
1 Q = energy transferred to a M| =+ =+ v = speed
2 h
A+ pgy, + 7 PV system by heating ol 1% A = wavelength
=Byt pgyy Tpv? | L prerre A= mt 0= angle
U = internal dsin@ = mA
= internal ener
Q _kAAT V = volume =
At L ~
v = speed GEOMETRY AND TRIGONOMETRY
PV =nRT = NkgT Wi 1vlvc?ﬂ;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=Lpn b = base
AU =0+ W 2 h = height
Cirel ¢ = length
e w = width
A =nrr r = radius
MODERN PHYSICS ¢ =2
E = hf E = energy Rectangular solid Right triangle
f = frequency V =Iwh 224
max = —¢ K = kinetic energy ¢ =a+
m = mass Cylinder sing =&
A= ﬁ p = momentum V = mr¢ c
p A= wavelength 5 cosf = b
5 ¢ = work function § =2nrl + 2mr c
E =mc a
Sphere tan6 = b
_4. 3
V= gﬂ'l‘ c 4
S = dnr? 0 902
b
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Begin your response to QUESTION 1 on this page.
PRYSICS 2 SECTION Il 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.
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1. 1 0 points, suggested time 20 minutes)

A sample of ideal gas is taken through the thermodynamic cycle shown above. Process C is isothermal.
(a) Consider the portion of the cycle that takes the gas from state 1 to state 3 by processes A and B.
Calculate the magnitude of the following and indicate the sign of any nonzero quantities.

The net change in internal energy AU of thegas —> <incee £inal ad vl tral tem pevatute
[ Same hence AlU= D

The net work W done on the gas . _ _ €AV = - 1p0% ID;CQXIEB) =-3007T

(o]
The net energy Q transferred to the gas by heating AR= /A(ﬁ' + AW 66%"s“i%“i”ii"2“52‘6“1?2“{6’“52’3‘24
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(b) Consider isothermal process C.
i. Compare the magnitude and sign of the work W done on the gas in process C to the magnitude and
sign of the work in the portion of the eyele in part (a). Support your answer using features of the

graph.
btocecc A > ¢ )Moc'e. «e

(Mote ateq of Llece €V (AT@) of Frabn

e g%’&l’l'\) In 4’"069“ (Q) C—’)QC.) bec awde Velume
G—Vc) becaw e

tetum e aec sopied
nevyeese

ii. Explain how the microscopic behavior of the gas particles dnd changes in the size of the container affect
interactions on the microscopic level and produce the observed pressure difference between the beginning
and end of process C.

btocecs CC)—> Tempesatute femalne cowt ract

Sbeed otine moceule aa face ="
of coll con senmaUns <ame. N

—= alume Aecveaces A.—_-V_M
. / - o 0.5 1.0 ]5' 2.0 2,1 ‘3() 35 4.0 45
hence A(V\..Cl'l-a' neveadd, 2olAPL A
mete Feguinty — mare pnok Horce of collLron sn tnt wall,




(¢) Consider two samples of the gas, each with the same number of gas particles. Sample 2 is in state 2 shown in
the graph, and sample 3 is in state 3 shown in the graph. The samples are put into thermal contact, as shown
above. Indicate the direction, if any, of energy transfer between the samples. Support your answer using
macroscopic thermodynamic principles.

125
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Begin your response to QUESTION 2 on this page.

(C ), — Cylinder

R———1"pision

2. (12 points, suggested time 25 minutes)

A group of students design an experiment to investigate the relationship between the density and pressure of a
sample of gas at a constant temperature. The gas may or may not be ideal. They will create a graph of density
as a function of pressure. They have the following materials and equipment.

A sample of the gas of known mass Mg in a sealed, clear, eylindrical container, as shown above, with a movable
piston of known mass Wip

A collection of objects each of known mass M,

A meterstick
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(a)

i. Pescribe the measurements the students should take and a procedure they could use to collect the data
needed to create the graph. Specifically indicate how the students could keep the temperature constant.
Include enough detail that another student could follow the procedure and obtain similar data.

—> place e contarnet In an tce babn <o
trak tem peyature wilf sewaln cons Fart

——> Tos aw ou_',‘:.(‘e-(em.at‘ o&rect’ ef known macs
5> Add each sdpect on preton And measure
he Gev gt oz(L e blreton —Go-f eacih oérecf.

ii. Petermine an expression for the absolute pressure of the gas in terms of measured quantities, given
quantities, and physical constants, as appropriate. Define any symbols used that are not already defined.

(Mp +NMp) 7
?TDT-A-L = eATN + P +A b)g Cylinder
= faryr & (Mp +NMo) €
me>

N= number of sy ect, Tz fadl W afine pistton



Continue your response to QUESTION 2 on this page. S55RaGTA4S 0141033244

iii. Petermine an expression for the density of the gas in terms of measured quantities, given quantities, and
physical constants, as appropriate. Pefine any symbols used that are not already defined.

¢ - Mg _ M

Vo (T2 CR)

Density

Pressure

iv. The graph above represents the students data. Does the data indicate that the gas is ideal? Pescribe the
application of physics principles in an analysis of the graph that can be used to arrive at your answer.

As pef Ydeal oa cguation €N=ME&T A <ince tempetature
6 ContFark hence Po(/ Swd M/V / V———
sap hadod

Pol c— Livnea
¢ %\, m~ Con ¢ Fam net znoéﬂnca{gh-evmc Vol 106l



Continue your response to QUESTION 2 on this page.

Another group of students propose that the relationship between density and pressure couvld also be obtained
by filling a balloon with the gas and submerging it to increasing depths in a deep pool of water.

(b) Why could submerging the balloon to increasing depths be useful for determining the relationship between
the density and pressure of the gas?

fseccyye Wwate? Incicaca wln
dcbl'w wihteh would decyeace

ne Vewme £ d-=- —"\',‘- then “”"“6

Incyea tet , becaute of pse<cure E
AL fff\(ence , WS aﬂgowL \IGLU.M*G my, (Balloon only, not gas) Z
dnd dencily to be \‘avied and guebnrd.
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(¢) The balloon is kept underwater in the deep pool by a student pushing down on the balloon, as shown above.
Lef@represen’r the volume of the inflated balloon, mb represent the mass of just the balloon (not including the
mass of the gas),@represem‘ the density of the gas in the balloon, and@represenf the density of the water.
Perive an expression for the force the student must exert to hold the balloon at rest under the water, in terms
of the quantities given in this part and physical constants, as appropriate.

FB: L'J.ba,eaon T .“ﬁ” t Ferupent

Ecevvent ~ To — Waagoon — Had

— _?\0 Vb 5 L ( gg Vb g "y &) m, (Balloon only, not gas) HJ«A
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Begin your response to QUESTION 3 on this page.
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B, (Out of Page)

@

-B, (Into Page) ;

3. (12 points, suggested time 25 minutes)

An electromagnet produces a magnetic field that is uniform in a certain region and zero outside that region.
The graph above represents the field as a function of the current in the electromagnet, with positive field
directed out of the page and negative field directed into the page.

Velocity

-<—— Particle
B

(a) The current in the electromagnet is set ahen a charged particle in the region moves toward the top

of the page, the force exerted on it by the field @ oward the left, as shown above. What chang&ihe

current in the electromagnet could make the maghitude of the force exerted on the particle equal and the

direction of the force to the right? Support your answer using physics principles. —
F= $CB*xEB2

cygyentr mmtt change dne sestH on
Mg double |wmapnriude Hence € —-becomy BT
Aouble P Fm—devble Leveict pieauvrectin eleccel e

Ucecton ot muwe.’f-:eu trnen fote (€f fLemiat fepl FawdTull )



Continue your response to QUESTION 3 on this page. 9958461445,01141032244
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D

A circuit is made by connecting an ohmic lightbulb of resistance R and a circular loop of area A made of a

wire with negligible resistance. The circuit is placed with the plane of the loop perpendicular to the field of the
electromagnet, as shown above on the left. The magnetic field changes as a function of time, as shown in
Graph 2. The bulb dissipates energy during the interval t ¢t < t3 Graph 3 below shows the cumulative

enerqy dissipated by the bulb (the total energy dissipated smce T 0) as a function of time.

(b) The original bulb is replaced by a new ohmic lightbulb with a

E
greater resistance, but everything else stays the same. How nirgy | . . |
would the cumulative energy graph for the new bulb be I S | _
different, if at all, from Graph 3 above? Support your answer £ %—:
using physics principles. dabh - = I | .
41'5*6 oflh.e d 4-" — -E 0 tli tzi t3i t4i > [
e e 1< A B
2me o bown fove B
cautet Ml fowey - \P'/K / (owffa(l/ Graph 3

Aecond tate bulb < havt Mmre yed\Srace
Mence Lece fower (¢ arcccpiated @ (X Lp



(¢) The new lightbulb is removed and replaced by the original lightbulb. The magnetic field now changes
from ZB to ZBldurmg the same interval fete t,. A new cumulative energy graph is created for this

sl’rua’ﬂon ~ How would the new graph be dlﬁeren’r if at all, from Graph 3 7 Support your answer
using physics principles.
€-- 44 _ - A.d_'g _~—A CB‘F'—@"‘)
AE e ey
e DB , Swmcee wete feld

cranget +o Laxgel Vol In ne
Lame trme, Md € « (ed?
So frs .&u(c( fower of Llote
of ey g Ve frme 1s Lavger
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(d) A student derives the following expression for the cumulative energy dissipated by the original bulb
during the inferval ’rl< t< ’r}and with the original change in magnetic field shown in Graph 2,

Ene-ffdf = AC R

3-t1
Whether or not the equation is correct, does the functional dependence of cumulative energy on the
elapsed time C-l-.,—é‘) make physical sense? Support your answer using physics principles.

'@:—@:—-Ace‘f_gc} B
“T 0 e
! 1,1 t ! t % !
- _A (—- e~ e, _BIO___i]i___if__\_B' il
C{é"€'|> Graph 2
9958461445,01141032244 _ 4 2A¢
( ‘&b'— E.t)
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Eue-{qa :(fowt-() (£a- LQ = & ha-bD
\ pet iy AR FIE.
E o _ A | () \Vewr {n
I = ~— 2uetttdn 1s
w C‘{:l 'El) | C‘Eb—‘és‘){cﬂ') mm;cu‘f
S 18 Aunetonal woub

aependence s ttme. JHence-Nd



Begin your response to QUESTION 4 on this page.

4. (10 points, suggested time 20 minvtes)

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

>\_-°*a\=>ﬂ9:-%—

% adi
g &€x1634
50169 x5

= I'$xI10° M/,
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(b) The electron is moving with the speed calculated in part (a) when it collides with a positron that is at rest. A
positronis 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.

D_MC +‘M\9

=3 (X (583 (ax1d) & Lo lxctf:‘iwf),_

EtotaL =

— réx (o*T

[
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Continue your response to QUESTION 4 on this page. 9958461445,01141032244

arphysicsclasses.com
eetphysicsclasses.com

Photon Electron Electron

VAV .
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.
Pescribe 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.

Fo&k FNEE&ax

Il tHel enevqgy Of brofon

Photon Electron Electron c
E - ;,'9 Lince Lome pav
NN\N\—= ® °
of ipe enligy Fot o
Before Collision After Collision photon- elec Fion hence GWC(¢T

o G of Fhoton AecyeIEE heuce
APbi—« conted Vatton o,? Lne pomeatum:
Il tal momeatum = Pinal momentum,
il
becaute sfphoton. = Momeutum S5

botn {ne bactitie
fn e audectim wnlld zc,e-aancellq

OWlL momenddm exfite fnn UlCechow




AP® Physics 2 2021 Free-Response Questions

SToP

END OF EXAM
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