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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 J;. The pressure of the air above the piston is Py,

Container
Water Bath [7 hAS

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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fi&:

REfFREEELN, FAEFKSMRREENRER, SENEFENEARL; KSEDFEEE
AT LR ERBRGIR, REEEGRIERI.

Fgas = PzA I-EJJ:? Fatm = Path |J|:T_|—F’ Fg = Mg rﬁ-‘—F

Fous=PA
A
®
Fo=Mg
v Fam=PaumA
BAITS
A For drawing an appropriately labeled arrow downward to represent the direction of the Point Al

force F, of gravity that is exerted on the piston

For drawing an appropriately labeled arrow downward to represent the direction of the Point A2

force F,, of the atmosphere that is exerted on the piston

For drawing an appropriately labeled arrow upward to represent the direction of the Point A3

force Fy,g of the gas that is exerted on the piston

Example Response
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HEETHEKRSEER, BXRNEE
BREFIEESENAEEREREFRENIEE,. NEE U SEITREERIEL; n RASEAERE, RESEE

8, ZREETERENER, BRASKSEIERENBERE—ERE. KRUEEEEL, FRUSE
ERARIXEFTEAFER,

U= gnRT, PV =nRT, U= gPV.

I 2025Q2 B
7<) &3 2025 Q2 A,

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 J;. The pressure of the air above the piston is Py,

Container
Water Bath [ haS
"y
Gas
Side View

Note: Figure not drawn to scale.

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

fi#d:

mERLlE, MEMETHATE, SERATBESLN TR, BHERFERBRNEXREERE
FMEEIRE

M
PiA_Path_Mg:07 Pi:Patm‘i‘iAg.
3 3 M
U, = 5”RT07 P;Vy = nRT, U, = ) (Patm + 79) o-

RSBATEEE, FTURERE Mg/AFASEER. “BIRF AENERIN32; “EEFFL
RTE [E5Ro
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BA¥5

B For a multistep derivation that includes U = %nRT , U= %NkBT , PV =nRT , Point Bl
, ZF t
PV = NkgT , agy _ Frer ZF 0, P = —, an equation that is equivalent

yS
to one of the equations listed, or a relevant equation

Scoring Note: Vector notation is not required for this point to be earned.

For correctly relating the internal energy of the gas to PV = nRT or PV = NkzT Point B2
(e, U= %PV)

Scoring Note: This point can be earned if the response refers to a generic pressure
instead of an absolute pressure.

For an expression for one of the following: Point B3
e The correct absolute pressure P of the gas (e.g., PA — Py,,A— Mg = 0 or

P=P Mg).

atm

o The absolute pressure of the gas that is consistent with an incorrect diagram
provided in part A.

For an expression for the internal energy of the gas that is consistent with the expression ~ Point B4

for the pressure P of the gas that is derived for point B3 (e.g., U = %(Patm + %) 29

Scoring Note: A correct, isolated, final expression earns points B2, B3, and B4.
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Example Response

[1' — ZF — F net
s msys msys
SF =0
F
pP=-—=
A

PA-FynA—-F, =0

atm

PA— P, A-Mg =0
Mg

PPy~ =0
Mg

P=Fm +—1

UZ%nRT

PV = nRT

3
_3p
U > V

IERESE: = P-V IS 2 ER L

1BI8EEIEIERARKAPHNIARE, SBETHSKATIRAE, BEREKERE. HAESKE
BRE, AP 5VHRIRAE, AFUR/NSERIEN; Bkt BRIk,

nRT

PV =nRT, =88 P =
nivly = ME, v
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7] 743 2025 Q2 Bo

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 Jj. The pressure of the air above the piston is Py,

Container
Water Bath [ haS
"y
Gas
Side View

Note: Figure not drawn to scale.

C. A block, also of mass M, is placed on the piston at time ¢ = £, and is slowly lowered. The
piston comes to rest at = 7; 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 {) < ¢ < #;. Draw an arrow on your sketch to represent the direction of the
thermodynamic process.

p
A
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fi#:
SRRBBEIEEANKAT, HFEHEEESRE, FIUSRKEEREE T, HFSENERT, T2:

PV,
ad

7EP 3V E L EIE L EHER s, SR TR, EREA. RN SME FISER
kS, RARIDERNSRREANEN:

PV =nRT, =PV,  P=

2Mg
A ?

Pi

Pf = Patm + Pf

4

EIEESE: MG TS AR EBAERAE ERS.
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BEAND

C For drawing a line or curve that connects a point in the lower right region of the Point C1
diagram to the upper left region of the diagram
For drawing a curve that is concave up Point C2
For drawing an arrow that points from a greater to a lesser volume or from a lesser to a Point C3

greater pressure

Example Response

P

|

BEHSESHEENATR . BHEREE

E—RSEEEBRERRA, EREURRENEEZ N, BRELTAARX. AR MREDHE
PV=nRT, BHERXEEZNK; EEMIAULBRYREE, BAILLRER, MERGFREZEAHIEKX
B, JOnREETEHEERNEW,
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IR 2026 Q1 Alii)

1. Part A

A sample of n moles of a monatomic, ideal gas is in a large, sealed, thermally conducting
container with fixed volume. A small sphere of mass mg is in the container. The volume of the
sphere is much less than the volume of the container.

The gas is initially in State X with pressure P and volume V, as shown in Figure 1.

Figure 1
Gas
n,P,V Sphere
//\//ms
State X

Note: Figure not drawn to scale.

The sphere is initially in thermal equilibrium with the gas. The gas undergoes a heating process
until the gas is in State Y with pressure 3P and the sphere is again in thermal equilibrium with
the gas. The total energy transferred to the sphere during the heating process is Q.

ii. Derive an expression for the change AT in temperature of the gas for the heating
process that the gas undergoes as the gas changes from State X to State Y. Express
your answer in terms of n, P, V, and physical constants, as appropriate. Begin your
derivation by writing a fundamental physics principle or an equation from the reference
information.

fi#:
ERMNZEBETL, F2KE. PISVFRRE, BHEA:

PV T 3PV 2PV

R = or ATENTI=TR

Ty = )
X nR

10
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M X

2026 Q1 A(ii)

BA¥5

(i) For a multistep derivation that includes PV = nRT, PV = NkgT , or an equation that
is consistent with one of the equations listed

For indicating one of the following correct expressions:

e The change AP in pressure of the gas from State X to State Y

(e.g, AP =3P — P =2P)

e The temperature 7y, of the gas at State Y (e.g., Ty = 3%)

For an appropriate substitution of an expression for AP or an expression for Ty,

consistent with point A4, into an expression for AT

(e.g., AT =

(AP)V _ (3P-P)YV _2pry

nR nR

3PV _PV_ PV
orAT—TY—TX—SnR nR_ZnR)

Scoring Note: Points A4 and A5 are earned for a correct, isolated, final expression.

Example Responses

Solution 1
PV = nRT
(AP)V = nRAT
_(AP)Y _ (3P-P)V
AT = nR nR
_, PV
AT =2 R

Solution 2
PV = nRT
_rr
nRk
_er 32V
TX_nR’TY_3nR
PV PV
AT =T, - Ty =3———
Y X 3nR nR
PV
AT =2—
nRk

11

Point A3

Point A4

Point A5
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#>]2025Q2D
ZjA) &3 2025 Q2 B. 2025 Q2 C,

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 Jj. The pressure of the air above the piston is Py,

Container
Water Bath [ haS
"y
Gas
Side View

Note: Figure not drawn to scale.

C. A block, also of mass M, is placed on the piston at time ¢ = #, and is slowly lowered. The
piston comes to rest at # = 7 when the block is completely released.

D. With the block still on the piston, the temperature of the water bath is changed to a new
constant temperature T,,,. 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 T;.
— Thew>T
— Thew<T
— Thew=T

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

fi#:

BRIMTEEZEE, FRUUMEARIRISERMA Pfo LERRAISHIMERAEREHES: E—0SE. BEEE
*/\’ /mr_tb%a:rgitto

Tnew _ PfVO/(nR) Patm + 2Mg/A
TO N PZ‘/O/<nR) Patm+Mg/A
T, ew > To.

X E?ﬁ%lﬁﬁ‘ﬁﬁﬁm‘ﬁ R EREFERT, BEXEEANMAEH, SEFEESLERE, MEEFRHE—
EREREESRE BEME,

12
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BA¥5

D

For indicating T,., > T, or an indication that is consistent with incorrect features of the ~ Point D1

diagram in part A, an incorrect derivation in part B, or incorrect features of the graph in
part C

For one of the following: Point D2
e A correct justification that indicates that the pressure of the gas has increased
for the same volume using features of the diagram in part A, the derivation in
part B, or features of the graph in part C
e A correct justification that indicates that the volume of the gas has increased for
the same pressure using features of the diagram in part A, the derivation in part
B, or features of the graph in part C
e A justification that is consistent with incorrect features of the diagram in
part A, an incorrect derivation in part B, or incorrect features of the graph in
part C

Scoring Notes:

e If the justification is consistent with incorrect features of the diagram in part A,
an incorrect derivation in part B, or incorrect features of the graph in part C,
and the justification is consistent with an incorrect selection, points D1 and D2
are earned.

o I[fthe justification is consistent with incorrect features of the diagram in part A,
an incorrect derivation in part B, or incorrect features of the graph in part C, but
the justification is not consistent with an incorrect selection, only point D2 is
earned.

e If the justification is not consistent with incorrect features of the diagram in
part A, an incorrect derivation in part B, or incorrect features of the graph in
part C, but T, > T is selected, only point D1 is earned.

ew
Example Responses

Using the representation from part A if the response considers the volume of the gas at
time t, and the final volume of the gas after the process described in part D

o For the piston to remain in equilibrium, the increase in weight from the block
would require a greater force, and, therefore, pressure, from the gas on the
piston. Because the two volumes are equal, a greater pressure will correspond
to a greater temperature. Therefore, T, > Tj.

Using the representation from part B
e According to the derivation in part B, if volume increases while pressure

remains constant, the internal energy of the gas increases, and, therefore, the

temperature will increase. Therefore, T, > 1.

o According to the derivation in part B, the added mass on the piston when the
volume is back to the original volume increases the internal energy of the gas.
Thus, the temperature increases. Therefore, T,., > Tj.

Using the representation from part C if the response considers the volume of the gas at

time t; and the final volume of the gas after the process described in part D

o Looking at the graph, if the volume is increased at constant pressure, from the
end of the curve that I drew, the product of pressure and volume, and therefore,
temperature, will be greater at the end of this process than at the beginning.
Therefore, T, > Tj.

W

13
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Using the representation from part C if the response considers the volume of the gas at
time ty and the final volume of the gas after the process described in part D

e According to the graph in part C, the pressure of the gas at the end of the
process in part C is greater than that at the beginning of the process. For the
gas to occupy the original volume (at time t, ), the final gas pressure must be

greater than the original gas pressure. Therefore, T, > T.

cw

e According to the graph in part C, if the pressure is increased by the added
block, and the volume is the same from the beginning of the curve that I drew,
the product of pressure and volume, and, therefore, temperature, will be

greater at the end of this process than at the beginning. Therefore, T, > T;.

W

FREHNFER D

B R MR FIER, MMRTENERCEANRTFERE, BE EARTFIIMEIEE L,
FEEBITRFHRFR—FER, RAKSHRRSERERIEMN, ERHETR. EERE. FEHSE
RFHEAZ, FRUBE TR SERTE,

il 2026 Q1 A(i)

1. Part A

A sample of n moles of a monatomic, ideal gas is in a large, sealed, thermally conducting
container with fixed volume. A small sphere of mass myg is in the container. The volume of the
sphere is much less than the volume of the container.

The gas is initially in State X with pressure P and volume V, as shown in Figure 1.

Figure 1
Gas
n,P,V Sphere
/L/ s
State X

Note: Figure not drawn to scale.

The sphere is initially in thermal equilibrium with the gas. The gas undergoes a heating process
until the gas is in State Y with pressure 3P and the sphere is again in thermal equilibrium with
the gas. The total energy transferred to the sphere during the heating process is Q.

14
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i. The graph in Figure 2 represents the number of atoms per unit speed as a function of
atom speed for the gas when the gas is in State X. On Figure 3, sketch a curve that could
represent the number of atoms per unit speed as a function of atom speed for the gas
when the gas is in State Y.

Figure 2 Figure 3
A . A .
| |
l l
Number of ! Number of !
Atoms per | ——————— T Atoms per |f———————— : ----------
Unit Speed | Unit Speed |
l l
! - ! -
Atom Speed Atom Speed
State X State Y

fi#:

AREFNBNIMYE, SEENETVIIRET., ERM P IEE 3P, EXBEERLTRERN=1E. BERS
RARLFIIREEIRE RS, ARTFIBIFERGHEERR,

TREREFNSITRET, FASHENEREHE. ERE. 2HER. SERFHREENRT, MEL
#IREh L TRYEIRAEE.

—— State X
—— State Y

Atoms per unit speed (same scale

Atomic speed (same scale)

E— I FHNERS R FREEBEZHER, BAMERERRE,

15
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BA¥5

A (i) For sketching a concave down curve that has a peak that is to the right of the vertical Point Al
dashed line

For sketching a concave down curve that has a peak that is below the horizontal dashed Point A2
line

Example Response

Number of
Atoms per f---—-—————
Unit Speed

Atom Speed

Scoring Note: The area bound by the curve and the horizontal axis is not considered
when scoring part A (i).

AFE THENEERLEAS

AR c RABTRYFREERSIKEESZ VR, RE m. BEEZN AT SENZYENAE Q18
K&; ATERTBNSGRLRERR, SOSETE, XEHEETMER—RRENSER
BT, RBEEKNEENNKNAT.

Q = mcAT, c=——.

16
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fBIRA 2026 Q1 A(iii)
ZN[A)73E 2026 Q1 A(ii)o

1. Part A

A sample of n moles of a monatomic, ideal gas is in a large, sealed, thermally conducting
container with fixed volume. A small sphere of mass myg is in the container. The volume of the
sphere is much less than the volume of the container.

The gas is initially in State X with pressure P and volume V, as shown in Figure 1.

Figure 1
Gas
n PV Sphere
/L/ s
State X

Note: Figure not drawn to scale.

The sphere is initially in thermal equilibrium with the gas. The gas undergoes a heating process
until the gas is in State Y with pressure 3P and the sphere is again in thermal equilibrium with
the gas. The total energy transferred to the sphere during the heating process is Q.

iii. Derive an expression for the specific heat cg of the sphere. Express your answer in
terms of n, mg, P, V, Og, and physical constants, as appropriate. Begin your derivation by
writing a fundamental physics principle or an equation from the reference information.

fi#:

KERASEHES[SEEEIATE, FRLIKEEHNKEEEE K. QS BIFAIKAIEEE; TRl
IR ER IR AT,

_ _ Qs _ nRQg
Qs =msesAT, 5= mgAT — 2PVmg
IREVARRIT VT BT, ERIEERSUARIR V A ERIL,
BA ¥

(ii1) For a multistep derivation that includes Q = mcAT Point A6

17
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For an appropriate substitution of the expression for AT, consistent with point A5, into Point A7
O = mcAT

Lo 203 2(35)

(e.g., c = AT

Scoring Note: Points A5 and A7 are earned for a correct, isolated, final expression
even if part A (ii) is blank.

Example Response

0 = mcAT

__ 0
© T WmAT
. = OsnR
S mg(2PV)
. = 1 nRQOq
57 2 PVmg

FERERY. RAYMHEEETK

IBASSERSH, REFHR; BERAMMNAEER, FLURKENERANET RIEHENMER,
BRE mc BEMASAIRL KEENMER, BREEXN AT=Q/(d): BREH/), BEXTH
%, KAKRER S I,

mgcg|ATg| = mypcp |ATy|.
i@ 2026 Q1 B

PartB

An insulated container is filled with a liquid of mass m; and specific heat c; . The original
sphere is submerged in the liquid. The sphere has mass mg, where mg < m; , and specific heat
cg, where cg < ¢ . The initial temperature of the sphere is greater than the initial temperature
of the liquid. Later, the liquid and the sphere reach thermal equilibrium. The absolute values of
the changes in the temperatures of the liquid and the sphere are |A7; | and |ATg|, respectively.

Indicate whether |AT| is greater than, less than, or equal to |A7; |. Include one of the following
relationships in your response.

* |ATs]> AT
* AT <|AT
* |ATG|=|ATL

Justify your answer. Your justification may include expressions/equations but must include
conceptual reasoning beyond algebraic solutions.

18
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fi&:

BBMRIEBEANRGE, BFEEH, KRENERESFTREATHEE, XERTMEERUGSHIRT
BIFME.

mgcgATg =mpc, ATy .

KRER/, AESHERN, EENESHRE mScSB). KIEHEREEN, BWNEATEERAR
BT, PREL:

ATg > ATy
FIErcIEREERBEE. SRABRRE; Ui “BRERER FERARER.

BEANS
B For indicating |ATg| > |AT; | Point B1
For indicating that the energy transferred from the sphere is the same as the energy Point B2
transferred to the liquid
For indicating the correct functional dependence between mc and AT in the equation Point B3
0 = mcAT

Example Response

The amount of energy transferred from the sphere is the same as the amount of energy
transferred to the liquid. Because both the mass and specific heat of the sphere are less
than those of the liquid, the change in temperature of the sphere is greater. Therefore,
ATy > |aT; .

FAE R AR ERFLRE N 5 F 3K

BiRER F N, FRERK. AKFRSIEREIRVEITUNE; RERFRNX, ERALIER.
BIMARFZAHREBMMR P. T, EENERDHENNIRE, WREEEE KB BEMIFR
E5REEEREX,

Nk
B

PV = NkgT P =
B ) V

19
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7R 2024 Q2 a
Chamber
Gas Molecule\
) [ ° [
[ ]

[} [ ] [

. . g0
Heater o ° ° | Sensors

:

L ° ° °

Note: Figure not drawn to scale.

Figure 1
2. (12 points, suggested time 25 minutes)

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.

B

[SEZHANE, SEDFENMER Vi’*JIEIEo FMIEREK. B &, ZSRNEETF, KAEE
B MARF SIEERF A BEREN R, XPMENEUFKIR S ERER,

iai%ﬂﬁ“i‘% NSHREMNBIER. FIFAMARSE, EETAREBEERSICREENNAIP. T; 8K
PG ERSEINACREN DB HE, R—RSEEIREETY, NECENEREESERAN
BEXE, BNIRRER—ZHSE. BERFRN.

PV = NkgT, P= N?kBT.
LT Ak, P AdBERENSELZ. ERIFENsP, M:
NkB . SPV
Sp T, N = kB .

QEEMEDINRNER, TERE No NZDF N, FRERE.

20
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BAIFS
(a) For indicating measurements that could be used to determine the volume of the gas 1 point

Scoring Note: Responses that include the volume of the heater may earn full credit.

For indicating that the sensors should be used to record the temperature and pressure of the 1 point

gas

For indicating that multiple different temperature and pressure measurements should be 1 point

recorded

Example Response

Measure the length, width, and height of the chamber. Activate the heater. Starting at
time t = 0, use the sensors to record the temperature and pressure of the gas every 10s

until t = 60s.

NItEARZRINR: ERSE LRISRAIR

SITESLRB N EREE. NIEASRHOAIRARE, SN ARNPIARSATE— P EREELIR, MAE
E3RIER, BERREEAXR, FAUP-V5S U-VEHEn LN EEITRE, BRAeETHM ESFRTEER,

T EEXIFE,

% 2024 Q2 b(i)

Gas Molecule

Total for part (a) 3 points

Heaterj :|

Chamber
Mo o e ., °
[ ]
[ ] [ ] ®

o .° o .. Sensors

Note: Figure not drawn to scale.

2. (12 points, suggested time 25 minutes)

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.

21
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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.

fi:

BHAV, Nh P, NIESEFESIIZMAITEETE—TER V0, MAEERIRES. EBEFRFLR
MR ESE, Fikmt,

NMESERERAFLE, MHREERLEH
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BA¥5

(b)(i) For sketching an upward vertical line that never touches the horizontal or vertical axes 1 point

Example Response

EAMPHAN U-VE: KIREE, NEEEX

WAL NEEVS, NARBEEAERVOR MESIR, NIEARABE, AR, mAeEE
ABIBEEBINISIARRE, FRLUELRYEIERVOR, TiEFikMA L.

AU:Qin>O7 AVZO

5% 2024 Q2 bii)
Chamber
Gas Molecule\
® [ ° [
[ J
° ° ®
] . - @
[
Heaterf o o ° Sensors
. O
L P ° °
Note: Figure not drawn to scale.
Figure 1
2. (12 points, suggested time 25 minutes)

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.

23
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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.

fi#e:
UtV EIR#HEEN VO A RER E; a. KRAaNREEYALE,

NIMESEREIRAFLE, AEEEM.
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EANS

(b)(ii) For sketching an upward vertical line that never touches the horizontal or vertical axes 1 point

Example Response

FERETE B IR (eI P9 REE AN
ANFE—ERZEEKAE. Qin EENAKRIEEE, Won BINENIUAMBMBITN, BEALER, KEL

FUARAZ BTN, MASIRSEIANGEE, FrLAREEEM, SMERARRBIEEIMNSIR, RNEIARERMNFA
Z21%HEo

25
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IR 2024 Q2 b(iii)
Zxa)7&4E 2024 Q2 boii)o

Chamber
Gas Molecule\
) [ ] ° o
[ ]
[ ] [ ) [ J
] . - @
[ J
Heaterf o ° ° Sensors
o +
® PY ° °

Note: Figure not drawn to scale.

Figure 1

2. (12 points, suggested time 25 minutes)

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.

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

fi#:
BEIEFIEBREANMTLARE, MARBNEEERETLATAR L. SERNIMED R I

AU =Q,, +W,,, W, =0 AU=Q,,>0.
[EINERART AR, FRERELETIARERNIFEESIAREEE,

BEANS
(b)(iii) For a justification that correctly relates the volume of the chamber to the sketch or relates 1 point
the energy transferred to the gas by the heater to the sketch that is consistent with the
sketch in part (b)(ii)

Example Responses

The heater transfers energy to the gas by heating, so the internal energy of the gas

increases.
OR

The gas has a constant volume.

Total for part (b) 3 points
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MR ERED SR TR

MRRIEERE, EMNEE—NEREE—N, FAR QA BSIWMETINEEE; BRMABK. B
B L)y, AR, kK @MEREER, BEMHRTH, fARRSRNIEEMIEL, Rt EERRM
mEMIFRAEP—IRE,

Q kA
A T(TG —1Ty).

IR 2024 Q2 c(i)

Chamber

Gas Molecule
\

[ J P [ °
Heater /(' :l ° Container . Sensors
o .g‘ \ || e °

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 Agt of energy transfer are collected.

T (K) 7 (K) 2
295 295 0.0
371 303 26.3
425 308 43.1
475 313 60.0
528 323 75.0
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(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.

i. Indicate what measured and/or calculated quantities could be graphed to yield a straight line that could
be used to calculate an experimental value for the thermal conductivity k& of the material. Use the blank
columns in the table to list any calculated quantities you graph in addition to the data provided.

Vertical Axis: Horizontal Axis:

fi#:
MEFEMN D RBSEMKRER, BERDSHRNERMEE TG-TL, FHAE Q/At EREMWETNEESE,
REEBRR— R AT(E],
Q kA
Al T(TG —1y).
MAEE TG-TL, BA{IK; AL Q/At, B W, EMNEEMRX A 0. 68, 117. 162. 205K,

BEANS

(c)(i)  For indicating quantities that can be plotted on the graph to calculate an experimental value 1 point
for k

Example Response
Vertical Axis: 9
At

Horizontal Axis: AT =T; — T,
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RSB
REYIRNZ SR N

FARABEREENNEGT, HERL, TEFEYRAFNREFRETIIRER; FAFTXE
DBRAENEE, KLEH. BENNNFNDEER, BAFLENGAATRA. pw RRRIEE
Eo

Fg=p,Vy9,  Fr+Fg—myg=0.

il 2022 Q1 a(i)

Water String

Laser
Block

Screen
(10 points, suggested time 20 minutes)

Students are investigating electromagnetic wave phenomena in transparent media. They use a string to support a
stationary thin, rectangular block of mass m,, volume V), and density p,. The block has two narrow slits in its

center and is submerged in a glass tank containing water with density p, , as shown above.

i. On the dot below, which represents the block, draw and label the forces that are exerted on the block.
Each force must be represented by a distinct arrow starting on, and pointing away from, the dot.

fi#:
EREYIR EMNEHET; BANAMHFRES=ENZHE L, FIEFTAMNERNSER. FHER
BIKEAINE S, AEINBES—KE.
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Y mpg

REFREYIR EB=17,

BA#5

(a)(i) For correctly drawing and labeling the gravitational, buoyant, and tension forces with no 1 point
extraneous forces

Example Response

F. .
T
T Fbuo yant

Fg ravity

SRR, AR DFERBLEAIN
NZABEH =M, MEBKUINFER, WELENEFEHNE;, TEFEEHKERETYIRIE
R, BIEFHERHFKNEE, REIEEMENMFNBEFAS—M.

Fr+Fg—mug =0, Fg=p,Vp9.
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IR 2022 Q1 afii)
Zxia)&4E 2022 Q1 a(i)o

Water String

Laser
Block

Screen
(10 points, suggested time 20 minutes)

Students are investigating electromagnetic wave phenomena in transparent media. They use a string to support a
stationary thin, rectangular block of mass m,,, volume Vj, and density p,. The block has two narrow slits in its

center and is submerged in a glass tank containing water with density p, , as shown above.

ii. Derive an expression for the force exerted on the block by the string in terms of the given quantities and
physical constants, as appropriate.

fi#:
BRERENIE, BIEFEEIAE, Be= R HKETRETYIRIEFI:

Fr+Fp—myg=0,  Fg=p,V9,  Fr=mug—p,Vy.
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BA¥5

(a)(ii) For an application of Newton’s laws that is correct or consistent with the diagram in part (a)(i)
and indicates zero net force

For a correct substitution of the buoyant force into a solution that is consistent with the previous
equation

Scoring Note: A correct answer with no supporting work earns this point.

Example Response
SF =ma

Fr+F; —F, =0
Fr+Fz =F,
Fr=F, - Fp

Fr=mg-pV,g

Total for part (a) 3 points

Rh TR EERR EFh

ENRFRFHERENIRDE, FRREFZEKAFEERER, EREZI=SKFRTHE

Ao HRXEERANEHR, MARRRKEF. KA LERRK, ENEHE L,

Bil7E 2023 Q3 afi)

. Valve
Note: Figure not drawn to scale.

Figure 1

(12 points, suggested time 25 minutes)

Tank X is a large cylindrical tank that is partially filled with water, as shown in Figure 1. The bottom of Tank X is
connected to a short horizontal pipe. A valve that is initially closed can be opened to allow water to flow through

the pipe and exit through the other end of the pipe.

(a) Two blocks, A and B, have identical dimensions and are placed in the tank. Both blocks float at rest and are

partially submerged in the water.
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i. The water and air can be modeled as consisting of individual particles that are in continuous random
motion. In terms of interactions with both water and air particles, explain why there is an upward buoyant
force exerted on each block.

fi:

KMZESKFAREFENIEE, MEFRRESRRGE, TREG ERE, LFRATHEAER; K
{EEIRER, L7FRE ERER. KB LERATESNRA TER, MENSFUREE LT, TR
=RNEDBEARFE,

BAITS
(a)(i) For a statement that collisions from the water particles exert upward forces on the block and 1 point
collisions from the air particles exert downward forces on the block
For a statement indicating that the force from the water is greater than the force from the air 1 point

Example Response

The air particles collide with the top of the block and exert downward forces on the block.
The water particles collide with the bottom of the block and exert upward forces on the block.
The force exerted by the water particles is greater than the force exerted by the air particles.
Therefore, the result of these forces is an upward buoyant force from the particles.

RARAESYIREE

,TEH*%U:ET, FARNETEN. MRERERN, REERN—IRAKES. FHEKX, HOHME
B, DERRERSHR, RIEATHRZZIFILRERE,

Lo Vau
pw‘/subg = pbvgv b = b'
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IR 2023 Q3 a(ii)

L Valve
Note: Figure not drawn to scale.

Figure 1
(12 points, suggested time 25 minutes)

Tank X is a large cylindrical tank that is partially filled with water, as shown in Figure 1. The bottom of Tank X is
connected to a short horizontal pipe. A valve that is initially closed can be opened to allow water to flow through
the pipe and exit through the other end of the pipe.

(a) Two blocks, A and B, have identical dimensions and are placed in the tank. Both blocks float at rest and are
partially submerged in the water.

ii. The valve is then opened, and water flows out through the pipe. The surface of the water moves
downward. When Block A touches the bottom of Tank X, Block B is still above the bottom of Tank X.
Which block has a greater density? Briefly explain your reasoning.

fi#e:

FIRRSTHEE, AZiiR, RPALLERRIERFI ARRKIER. HKEREX, FAHEKR, KRFHIER
ANETEE, HAEE; SHRMER, AZEEX.

P V.
PuVewrd =PV, L= ;}‘b, pa>Ppe
w

BEANS

(a)(ii) For indicating that Block A has a greater density than Block B because Block A displaces a 1 point
larger volume of water, thus the buoyant force on Block A is greater than the buoyant force
on Block B
Example Response

Because Block A displaces a greater volume of fluid, the buoyant force on Block A is
greater than the buoyant force on Block B. Because the buoyant force and gravitational force
are balanced for both blocks, Block A must weigh more than Block B. Because the blocks
have the same volume, Block A is more dense than Block B.

Total for part (a) 3 points
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BREFEA: AEEXRAREE

BE—EEREEK, MEREEIHOLBRER. RBAATREEMENERE. RAEZMAS, EF52TE
[@; HOEERE, REWETE, BEXEHEHIXANRZENEE, FELECRMZ,

1 2
pv3 + PGy

1
P1+*PU%+P9y1:P2+2

2

il&H 2023 Q3 b(i)

Tank Y

|

hy
l Valve

Note: Figure not drawn to scale.

Figure 2

Tank Y is a large tank with the top open to the air, as shown in Figure 2. The bottom of Tank Y is connected to a
short horizontal pipe of radius » with a closed valve. Tank Y is filled with water to height h( above the horizontal

pipe. Tank Y is specially designed so that when the valve is opened, the surface of the water moves downward at
constant speed v;.

(b) At time ¢ = 0, the valve is opened.

1. Derive the relationship between the speed v, at which water exits the pipe and the changing height & of

the surface of the water above the pipe to show that v, = vs2 +2gh.

fi#:
EREmA 1. HOMK2, EOSEASE, mMAEAS, EitEREE, %38 B REEFERA
BHIXFR, RERE FEEE vs:

1 1
Patm + pgh + ipvg = Patm + ipvfw

v2 = v? 4 2gh, v, = \/v? + 2gh.
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EANS

(b))  For using Bernoulli’s equation to derive the relationship between v,, and / 1 point
For indicating that A, = R 1 point
For correct substitutions of the heights and speeds 1 point

Example Solution

1 1
R+ pen +§pv12 =B + pgy, +§PV§

I 1
5pv; + pgh = pg(0) + 5 pv,

2 _ 2
v, = Vs +2gh

v, = W2+ 2gh
BHEARSRE: R EREERER

R, BRE8ERAXEFEARET. REZLANREERE, r EEEBEOF+F.

Agvg = A, (mR?)v, = (11?)v,.
%% 2023 Q3 b(ii)
Tank Y
l

l Valve

Note: Figure not drawn to scale.

Figure 2

Tank Y is a large tank with the top open to the air, as shown in Figure 2. The bottom of Tank Y is connected to a
short horizontal pipe of radius » with a closed valve. Tank Y is filled with water to height & above the horizontal

pipe. Tank Y is specially designed so that when the valve is opened, the surface of the water moves downward at
constant speed v;.

(b) At time ¢ = 0, the valve is opened.

ii. Derive the relationship between v, and the changing radius R of the top surface of the water to show
2

that Vp = r—z V.
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&
IKAEIESE, LA EREEDVERFFEORLEIR, REFZE RBRZINE, B8+ rE
E .
R2
R?)v, = (mr? = —u,.

<7T )1)5 <7TT )Up, Up r2 Vg

BAED
(b)(ii) For using the continuity equation to derive the relationship between v, and R 1 point

For correct substitutions for the expressions of areas and speeds 1 point

Example Solution

Ay = 4y,
7Z'R2VS = 7z’r2vp
Vp = R_22VS

r

FLEBRERE, BIEAKFEEIN
KT FAFEFRRRANANNIER, BESMERREEES HORENLE: ERLRNE, REE
EA i NFHORE, REEERA Al 2R,

= R>»r=vl <0
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iR 2023 Q3 biii)

Z=a)7&4% 2023 Q3 b(i). 2023 Q3 b(ii)o

Tank' Y

|

hq

l Valve

Note: Figure not drawn to scale.

Figure 2

Tank Y is a large tank with the top open to the air, as shown in Figure 2. The bottom of Tank Y is connected to a
short horizontal pipe of radius r with a closed valve. Tank Y is filled with water to height /, above the horizontal
pipe. Tank Y is specially designed so that when the valve is opened, the surface of the water moves downward at
constant speed v;.

(b) At time ¢t = 0, the valve is opened.

iii. When the radius R of the tank is sufficiently greater than r, the speed v, can be approximated

as v, = /2gh. Justify this claim.

fi#:

REFRFZATEF R, FRABEARTATENER. HESYE, REERRSHORRZILETEN
ERSREERZEL, RtEin ) FEE. FibREEEETE H OshsEmA] 2R

v, & \/2gh.
XEBEZFMRNLM. FEEESHERXARREE vsIGHE, XEFMRE T REIEH.

z

(b)(iii) For using conservation principles to justify that when R > r, then v, < v, 1 point

For indicating a very small value of v, will have a negligible effect on v 1 point

P

Example Response

When the cross sectional area of the tank is very large compared to the cross sectional area
of the pipe, the speed v, of the surface of the water is much less than the speed of the water

v, exiting the pipe due to the constant volume flow rate. As a result, the speed of the surface

of the water can be approximated as zero, so the speed of the water exiting the pipe can be
approximated as v, = \2gh .

Total for part (b) 7 points
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KA SEEFENRI: BILHMREERE

KRB ERE, HKERTESR, SNNREERBAZE, FEIELE—KEN “EEREERE" %
EFkfE, EESMEPHEOREANEEXR, SHRAREIRHIFSENFENREN, BS
ANEDF. PEHNTWL.

=R 2023 Q3 ¢
Z=a)7&4E 2023 Q3 b(i). 2023 Q3 b(ii)o

Note: Figure not drawn to scale.

Figure 3

Tank Z is a large tank whose top is open to the air and is shaped as shown in Figure 3. The bottom of Tank Z is
connected to a short horizontal pipe with a closed valve. Tank Z is filled with water to a height A, above the
horizontal pipe.

Attime ¢ = 0, the valve of Tank Z is opened.

(c) Does the speed v, at which the surface of the water moves downward increase, decrease, or remain the same
over time as water exits the other end of the pipe? Justify your answer by using or referencing equations from
both part (b)(i) and part (b)(ii).

fi#:

Tank Z (A FHESRRESE, ACRHAT h B/ HETREFE RIEA, EBRIMEXR, BRIDRMNTLHN
vs HEE:

R? R* , 5 2gh
vp:r—st, ijszvs+2gh, vy = 7]%4/7"4—1'

KABLLEDOR, D8AIE. K& hE, 2FR; BEE REXR, DE8BA, RIbEE TREESR vs R/
Mo ZEEFAERTREXRSESN, FaEBEX,
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BA¥5

(c)

For correctly relating the decrease in v, to the decrease in the height of the surface of the

water A

1 point

For correctly relating the decrease in v, to the increase in radius R

1 point

Example Response

According to the equation in part (b)(1), v, = \/vsz +2gh . As h decreases, v, decreases.

2
When solving the equation in part (b)(ii) forv,, it can be shown that v, = r—zvp. Therefore,
R

an increase in R results in a decrease in vg. Because v, decreases with decreasing h, by
using the same expression from part (b)(ii) in the case in which v, decreases and R

increases, it can be shown that the speed v, of the water at the surface decreases.
OR

If the two equations from parts (b)(i) and (b)(ii) are solved simultaneously for v, as

a function of h and R it can be shown that v, = . Therefore, as h decreases and

R increases, v, decreases.

Total for part (c)

2 points

Total for question 3

40

12 points



AP Physics 2 HMENX 2023Q4a
17, BESEEE

FTRHSFTEYE. AENRESF

BiIZERIERIEBENR AR, EAE;, BEEASRAUERFNEREE, BHENSHTE. XT
B AURES R, REEBNERANTEASHEE. FEARKERGA/NEEZAEM. KRR
EEMEB7 7, BS5HE=ZBREER.

k k k
Enet:E1+E2+E37 Vnet:£+&+&'

a a a
5% 2023 Q4 a
B
+Q/’\
iWp
Co— e

(10 points, suggested time 20 minutes)

Particles A and B each have positive charge +Q and are held fixed at two vertices of an equilateral triangle of
side length d, as shown. Point P is located equidistant from each vertex of the triangle.

Students Y and Z discuss the electric field and the electric potential at Point P after a third charged particle is
placed at the bottom-right vertex. The students make the following statements.

Student Y: “If a particle with positive charge +2Q is placed at the bottom-right vertex, the magnitude of the
electric field will be zero at Point P.”

Student Z: “To make the value of the electric potential zero at Point P, a particle with negative charge —Q should
be placed at the bottom-right vertex.”

(a) In a coherent, paragraph-length response, evaluate the accuracy of each student’s statement. If any aspect of
either student’s statement is inaccurate, explain how to correct the student’s statement. Support your
evaluations using appropriate physics principles.

fi#:
Y 4R, PEI=NTNAEEESE, EEHEREAANEE, A, BERENBHANMIZE, A 120° &
BARNREF—NEBEREFZENG, HIEZEANE,

_kQ

Ey=—,

X2 a BROIMRNER, §HERA TR, BHHEE, ATHNRNK+Q, FEFANELLE
B +2Q ZHHEEZ, BTRALRIFEG,
Z BEiR, BERKE, BIE=ZMHEASHIEEREAEM. B P &N a, FRUSEZBEREEEN

== e

=.

EAB — 2E0 COS 600 — Eo.
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EQ  kEQ kg k
V= —+ —+—===—(2 = —20).
P 0 + 0 + 0 a< Q+Q3)> q3 Q

[ -Q FHER kQ/a NIEREE, ERYMEE=—HRASTHEHEMFE=BTARE, FEAE— “E
TAHGHE” AN IE,
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BA¥5

(a) For an evaluation of Student Y ’s statement that correctly includes the vector nature of electric 1 point
field

For indicating that Student Y should have stated that the third particle must have charge +Q 1 point
for the electric field at Point P to be zero

OR

For a statement indicating what the resultant magnitude of the electric field at Point P would
be for a particle with charge +20

For an evaluation of Student Z ’s statement that correctly includes the scalar nature of electric 1 point
potential

For indicating that zero electric potential at Point P would require the third particle having 1 point
charge -20Q

For a logical, relevant, and internally consistent argument that addresses the required 1 point

argument or question asked, and follows the guidelines described in the published
requirements for the paragraph-length response

Example Response

Student Y is incorrect. Before the third particle is placed at the bottom-right vertex, the
electric field from particles A and B at Point P is down and to the right. The electric field
from a positively charged particle placed at the bottom-right vertex is up and to the left. The
third particle needs to have charge +Q, rather than +2Q, in order to have the correct

magnitude to make the resultant field zero at Point P .

Student Z is incorrect. Before the third particle is placed at the bottom-right vertex, the value
of the electric potential at Point P is positive. Because Point P is equidistant from all three
particles, the electric potential at Point P is proportional to the total charge of the system. If
the total charge of the system is zero, the electric potential at Point P will be zero. This
requires the third particle to have charge -2Q.

OR

Student Y is incorrect that a particle with charge +2Q placed at the bottom-right vertex will
result in no electric field at Point P. The horizontal component of the electric field from
Particle A is less than the horizontal component of the electric field from the particle with
charge +2Q . The sum of the vertical components of the fields from particles A and B is less
than the vertical component of the field from the particle with charge +2Q. Therefore, the

resulting electric field at Point P is nonzero and points in a direction between particles A
and B.

Student Z is incorrect. Before the third particle is placed at the bottom-right vertex, the value
of the electric potential at Point P is positive. Electric potential is a scalar quantity, so if the
third particle has charge —2Q rather than —Q, the electric potential at Point P will be zero.

m~ . e PPN -
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BARAEE: FXITHSINRD
MEERIEEERBHEER

kglq2/r, HEMEMIEMNS, ZBAREHE=X, EXRIT—X,

I —

EE:EE

ARPDELHZN, E5RMEFNVEEERNE, BRMEBEFAZENEENT. AL, MR

hETFRGEBREEE,

ka.a.
. “Wi oy
FREEY
fll& 2023 Q4 b(i)
+0@
d/ o\
// b \\
+Q / \\‘\
J A !

(10 points, suggested time 20 minutes)

€

<t — Uf_UZ'

Particles A and B each have positive charge +Q and are held fixed at two vertices of an equilateral triangle of
side length d, as shown. Point P is located equidistant from each vertex of the triangle.

(b) Particles A and B are once again held in place at two vertices of the equilateral triangle. The students want to
represent the electric potential energy of a system of particles when a third charged particle is brought from
very far away to the bottom-right vertex. Scenarios 1 and 2 are considered.
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i. In Scenario 1, a third particle with positive charge +Q is moved from very far away to the bottom-right
vertex and then held in place. A bar is shown on the following chart that represents the electric potential
energy U;; of the system consisting of all three particles when the third particle with positive charge is very
far away from the other particles.

In the grid provided, complete the bar chart.

* Draw a bar to represent the work W required to move the third particle with positive charge
from very far away to the bottom-right vertex.

* Draw another bar to represent the electric potential energy Uy of the system consisting of all
three particles when the third particle with positive charge is held in place at the bottom-right
vertex.

The height of each bar should be proportional to the energy represented. If the quantity is zero, write a “0” in
that column.

U, W, Uﬂ
| | | | I |
] | I D I | N P A B,
I | | | I |
| | | | I |
- —— -t =7 -———- r1--q4-"—"- -t -
| | | | I |
— e | S I P J IO IR,
| | | | I |
I | | | I |
[~~~ 7 I I | e e R B I
| | I |
EE—— ——— e - —— o ——
| | I |
| | | |
O ] | ] | | ]
I | | | I |
- ———— == ——t————f1-——- e e B to———t———=
| | | | | |
I | [ DD AP L A IR
I | | | I |
I | | | I |
-~~~ ey Sy | e e A B I B
| | | | | |
- — — — L - e B e,
| | | | I |
| [ I R R | B
_____ [ T | N T T
| | | | I |
Scenario 1

fi#:

FE=BREABELEIE, BEA BEEHFEHEEJ, FALISEFEFTNT. BA+Q FHE AB.
AC. BC =X, 88X Rit—k,

k 2
Uil = %7
LRI FERERLE, SMRBARIIISTRERETWL.:

2 2 2
_kQ? L KQ? KQ?

U}l d +- d d (AN

LLH ::Lbj _'lfl ::2LQ1.

(2

REBVSEELRA: W1mE2 81, Ul mE 38, REVSERE 2/0ME, I 4 /&,
RSH 6 /)&,
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Third charge +Q

S)
(o]
!
=
S~
>
o))
~
(]
=
]
—2 4
U 1 W U f
BAITS
(b)(I) For drawing a bar on the grid that shows a positive value for ¥} 1 point
For drawing a bar on the grid that shows U, = 3U; 1 point
For drawing bars on the grid so that the work done on the system is equal to the change in 1 point

energy, Uy + W =Uy,

Example Response

Scenario 1
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.51 2023 Q4 b(ii)

Zim]#dE 2023 Q4 b(i)o
+Q/,\
Jﬁ‘ ———————— O

(10 points, suggested time 20 minutes)

Particles A and B each have positive charge +Q and are held fixed at two vertices of an equilateral triangle of

side length d, as shown. Point P is located equidistant from each vertex of the triangle.

(b) Particles A and B are once again held in place at two vertices of the equilateral triangle. The students want to
represent the electric potential energy of a system of particles when a third charged particle is brought from

very far away to the bottom-right vertex. Scenarios 1 and 2 are considered.
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ii. In Scenario 2, a particle with negative charge —Q is moved from very far away to the bottom-right vertex

and then held in place. A bar is shown on the following chart that represents the electric potential energy U,
of the system consisting of all three particles when the particle with negative charge is very far away from
the other particles.

In the grid provided, complete the bar chart.
* Draw a bar to represent the work W, required to move the particle with negative charge from
very far away to the bottom-right vertex.

* Draw another bar to represent the electric potential energy Uy, of the system consisting of all
three particles when the particle with negative charge is held in place at the bottom-right vertex.

The height of each bar should be proportional to the energy represented. If the quantity is zero, write a “0” in
that column.

——F=1--r-
|
|
|
_ e
|
|
|
|
|
|
|
|

i e e B

|

|

|
b ]

|

|

|

|

|

|

|

|

Scenario 2

fi&:

BA -Q B, ¥IAMRE ABRIERZEEE, BANEIERMFSEEIER:
kQ> kQ?  kQ*  kQ?

= UnEg oo T T

RSHBT 184U, FRT 2 B, RIIMNRIIRTINEINRSIERE. MEREYNIIEEMINR
hETREEE; XEEBRIZINIY, FERNFSHERIVEBEZHL,

_Uizv Wz :Uf2_Ui2 :—zUm-
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Third charge —Q

Energy / (kQ?/d)

U 1 W U f
BEANS
(b)(ii) For drawing a bar on the grid that shows U, = -U,, 1 point
For drawing a bar on the grid that shows a negative value of W, so that the work done on the 1 point

system is equal to the change in energy U, + W, = U,

Example Response

L L1 4= -
| _ 1]
| | | I
R . T T T

T 1

[~ - r T =TT T T T

Scenario 2

Total for part (b) 5 points
Total for question 4 10 points

REFFL: FIRTERIARTME

FHEAZANMUERNEE, BYiEREBRRANGR. ERARASHRR, ABERRE; B
5t RREEBHMIEINER A, RERGHN, BEEEMMNEIRERL.

AU =q(V; =V, AK=-AU.
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il 2026 Q4 A

4. Equipotential lines for a region with an electric field are shown.

fi#:

_VO

VO

-3V,

+X

A small sphere (not shown) with positive charge + Q has initial speed vg in the +x-direction and
kinetic energy Ky when the sphere is at Point S. The sphere moves to Point T. The force from the
electric field is the only force that is exerted on the sphere as the sphere moves between Points
SandT.

The sphere has final speed v; and kinetic energy K; when the sphere is at Point T.

Part A

Indicate whether v; is greater than, less than, or equal to vg. Include one of the following
relationships in your response.

° Vr > Vg
e vp<vg

Justify your answer. Your justification may include expressions/equations but must include
conceptual reasoning beyond algebraic solutions.

[RE S RBYEBEHEN -3V0, TRA2V0, 5 SEIT, BHIEM, BipEmBBERMSE, Bl x EB
wARaBy AR, SiEthARER, BHMRT), BEEFEREFR]
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EANS

A For indicating V1 < "s Point Al

For indicating one of the following: Point A2
e The electric field is directed in the -x-direction.
e The change in the electric potential from Point S to Point T is positive.
e The change in the electric potential from Point T to Point S is negative.
e The sphere moves such that the change in the electric potential energy of the
sphere-electric field system is positive.
e The electric field does negative work on the sphere.

For one of the following: Point A3

e The speed of the sphere decreases because the direction of the electric force
exerted on and/or the direction of the acceleration of the sphere is opposite to
the direction of motion (i.e., velocity) of the sphere.

e The kinetic energy of the sphere decreases because the electric potential energy
of the sphere-electric field system increases.

e The kinetic energy of the sphere decreases because negative work is done on
the sphere.

Scoring Note: This point is earned if v > vg is indicated, there is an indication that

the electric field is directed in the +x-direction, and one of the following:

e The speed of the sphere increases because the direction of the electric force
exerted on and/or the direction of the acceleration of the sphere is in the same
direction of motion (i.e., velocity) of the sphere.

e The kinetic energy of the sphere increases because the electric potential energy
of the sphere-electric field system decreases.

e The kinetic energy of the sphere increases because positive work is done on the
sphere.

Example Responses

The electric field is directed from Point T to Point S. Therefore, the force exerted on the
sphere is directed in the -x-direction. Because the force is opposite to the velocity of the
sphere, the sphere will slow down. Therefore, v; < vg.

From Point S to Point T, the electric potential increases. This means that the electric

potential energy of the sphere-field system increases. Therefore, the kinetic energy of
the sphere decreases. Thus, vy < vg.

From Point S to Point T, the electric field does negative work on the sphere. This means
that the kinetic energy of the sphere decreases. Thus, vy < vg.
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FREBRFALEAS: KRERXS—=89E0EE

KREVRSRENRE, BRIEFKEIE. IERBERKRBERIEE,; q 2EMFHTSEBME, REME
TS, IEBBERE, BERTUI RS,

5% 2026 Q4 B

4. Equipotential lines for a region with an electric field are shown.

_VO

VO

-3V,

+X

A small sphere (not shown) with positive charge + Q has initial speed vg in the +x-direction and
kinetic energy Kg when the sphere is at Point S. The sphere moves to Point T. The force from the
electric field is the only force that is exerted on the sphere as the sphere moves between Points
Sand T.

The sphere has final speed v; and kinetic energy K; when the sphere is at Point T.

Part B

Derive an expression for Kt in terms of /), Q, Kg, and physical constants, as appropriate. Begin
your derivation by writing a fundamental physics principle or an equation from the reference
information.

fi#:
MEEEFIEEEF, REBHHMIN, shaEsVE L EFTFBHEEEAVIEM,

Ks+QVs=Kp+QVp, Ky =Kg—Q(Vy —Vg) = Kg —5QVj.
BTFERBENFEXT, ¥IchEeER, FeeEHAEEENIEE HRELE T BYIELER,
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EANS

B For a multistep derivation that either references the conservation of energy/work-energy ~ Point B1
. AU
theorem or includes AU, = gAV , AV = E K= %mvz, W= FHd = Fdcos@,or

an equation that is consistent with one of the equations listed

For indicating one of the following relationships: Point B2
o AK =-AUg

Scoring Note: The negative sign in AK = —AU, is not required for earning this point.
For a correct expression for K (e.g., K; = Kg —50V})) Point B3

Example Response

AUE = gAV
AUp +AK =0
AK = -AUg

Kr = Kg = =(+Q)[(2Vy) - (-31))]
KT = KS - SQVO

312026 Q4 C
Zia) 4 2026 Q4 Bo

4. Equipotential lines for a region with an electric field are shown.

_VO

VO

-3V,

+X

A small sphere (not shown) with positive charge + Q has initial speed vg in the +x-direction and
kinetic energy Kg when the sphere is at Point S. The sphere moves to Point T. The force from the

electric field is the only force that is exerted on the sphere as the sphere moves between Points
Sand T.

The sphere has final speed v; and kinetic energy K; when the sphere is at Point T.
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Part C

A new, small sphere of the same mass as the original sphere but with negative charge — Q has
the same initial speed vg as the original sphere in the +x-direction when the sphere is at Point
S. The force from the electric field is the only force that is exerted on the new sphere as the new
sphere moves between Points S and T. The new sphere has kinetic energy K., when the new
sphere is at Point T.

Indicate whether X, is greater than, less than, or equal to K;. Include one of the following
relationships in your response.

¢ Knew > KT
¢ Knew < KT
¢ Knew = KT

Briefly justify your answer by referencing your derivation in part B.

fi#e:
FIKFERE. B¥E, ¥IHEEAN KS, UBEBAEARL, LREFTA -Q:

Knew = KS - (_Q)<5Vv0> = KS + 5Q‘/07 Knew - KT = 10@‘/0 > 0.
Knew > KT'
AEAMNREFEASEHRBHBERE, BIMNEMED); XRANTARBRERSEMNE,
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EANS

C For indicating one of the following: Point C1
® Knew > KT
* K,. <Kgor K, = Kg ifthe derivation in part B is consistent with the

claimof X, < Ky or K, = Kr

W

For a justification that addresses how the change in the sign of the charge on the sphere Point C2
would affect the kinetic energy, consistent with the derivation from part B

Scoring Notes: The following table summarizes how points are earned in part C if the

relationship between K., and Ky is incorrect.

W

Is the
Derivation Is the Justification .
. . . . Point(s)
Claim Consistent Consistent with the Earned

with the Derivation?

Claim?
Kw <Kt or K, ., =Kt Yes Yes C1 and C2
Kpew < Kp Or K., =Kt Yes No C1
Knew < KT or Knew = KT No Yes C2
Knew < KT or Knew = KT No No None

e Point C2 is earned if there is no claim, but the justification is consistent with the
derivation in part B.

e None of the points are earned if there is no claim, the derivation in part B is
blank, and a justification is provided.

Example Response
Because the sign of the charge on the sphere is now negative, K., = Kg + 50V}
Therefore, K., > Kr-

W

MERLEINE: LEBREBRETA/NSEIRE

KEREE AR WM EEREBIE, FrAS M FSEIIENEIEE. MEREHAR, HREEESFTHEE
RNFAEBHEKR/ N, LEEAEREBEMERR T, REBRERE, BARETRISHERRE.

K = |q| |AV].
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=R 2024 Q4 a

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.
e Particle 2 has mass % 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 K, respectively.

K
(a) Calculate the ratio X
1

fi#:

MALFMEREH R, EERBERIEERERINE IEEANBAANRMEEEZEK); KFRBEENGS
MERISHENRELE R A,

K
=QIAV|,  K,=2Q|AV|, 2 =2
Kl
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EANS

(a) For indicating that the final kinetic energy of a particle is equal to |gAV | 1 point

Scoring Note: Explicit indication of an absolute value is not required for this point to be
earned.

Example Response

lqAV] = K

For K, _> 1 point
1

Example Solution
EO = Ef

AU +AK =0
AU = AK
lgAV] = K

K, =|-0AV| = OAV

K, = [+20AV| = 20AV

K, _20AV
K,  QOAV
KZ

rak

Total for part (a) 2 point

Scoring Note: Parts (b)(i) and (b)(ii) can be scored together.
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g, BASNE

SRR HEL, BRETFERA

BRI RPRBRMIR—8R, BERN; HRXBREZRRRTR, BHEER, BEFKREM. %
MNEBERBHRANZETSG, BZEEGH. TTHRASEMER, AEMBEERSMEE

1 1 1 AV
R,=R,+R,, —=—+—-, I= :
! 2 Rp Rl R2 Rtotal
f5ilRE 2024 Q3 a(i)
Rl
MV
R3

= R,Z

Figure 1
3. (12 points, suggested time 25 minutes)

A circuit consists of an ideal battery of emf £ and four identical resistors Ry, 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;.

fi#:
RS LLIEE . R3. R4 HBEE; ZHHR5 R2 HEL, HELEAHS R1 BB, R1EDRIINET, FAE
g BB S ER R

Ry =2R, ——=—+-5=:-5 Ry = R+—=— =",
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BA¥5

(a)(i)  For correctly determining the total resistance R, of the circuit 1 point

Example Response

5R
Rtotal = T
For a multi-step derivation that includes correct substitutions of £ and R, into the 1 point

equation that describes Ohm’s law, consistent with the first point of part (a)(i)

Example Response

3

I =3p

Example Solution
Determine the total resistance of the circuit.

The resistance of the right-most branch containing resistors connected in series:

1_y1

R, R

11,1 _3

Rp R 2R 2R
2R

Ry =5

The total resistance of the circuit:
R =)R,
i
2R _5R

R = R+ == =5~
The total current in the circuit:

_AV 3¢

=% =3k
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ERETER: FTRHKZEEE

HEXBEER DR ETFREKEBHEZERTHBEEE, AT TEMAKMEREHENBEEE, BABME
BEREE;, REEXREBEERUZBNEMEE, FEEBTHEUBEEEEALEF—ZKE
FHo

5% 2024 Q3 afii)
Zia)&dE 2024 Q3 a(i)o

= R,Z

Figure 1
3. (12 points, suggested time 25 minutes)

A circuit consists of an ideal battery of emf £ and four identical resistors Ry, 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.

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

fi#d:
RIHFEMNEEZEN IR, BRI FZERSHBLZR E, RIFAESZKEMER 2R, FHit:

3 2 AV, &
AV, =I,R="2 AV, =& — AV, == Lj=—2=_—.
Vi=hR=7e Vp=&- AV =3¢, 37 2R  5R
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BA¥5

(a)(ii) For applying a result of Kirchhoff’s law and/or Ohm’s law that relates the current in Rs to 1 point
one of the following:
e The current in or potential difference across R
e The current in or potential difference across R,
e The potential difference across R,

Example Responses

I
One-third of the total current in the circuitis in Ry : Iy = ?1
OR
OR

AV, = AV, + AV,

For a correct expression from a multi-step derivation that is consistent with the final 1 point
expression in part (a)(i)

Example Response

£

I'=3x

Example Solutions

AV, = AV; + AV,
LRy = I;(Ry + Ry)

LR = I(2R)
1
I, =L
3
(52)
SR
Iy = —+
S03
9
L=
OR

One-third of the total current in the circuit is in Ry. Therefore, I3 = % .

Total for part (a) 4 points
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BRSO ESHERE: adsihF

HEXRTHERERR TR, PRUBHERSE. SKEXFEER, AV=IR, [BEMX, 2EINBEEEL,
B ERTERNEMNSEEE, BRBRLGNESE; HFEREERN.

AV =IR, AV, = AV, + AV,

IR 2024 Q3 b
Z=ia)7&4%E 2024 Q3 a(i). 2024 Q3 a(ii)o

Figure 1
3. (12 points, suggested time 25 minutes)

A circuit consists of an ideal battery of emf £ and four identical resistors Ry, Ry, R3, and Ry, each of
resistance R, as shown in Figure 1.
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(b) The partially completed bar chart in Figure 2 shows a bar that represents the absolute value |AV| of the
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

fi#:
R2 5% R3. R4 PEXREZERMT =, FALBBEMER, R3. R4 [EEMEFEBREE, IEXREBHE

3 2 1

IAVIIE

Battery Ry R R; Ry

SMEBUBMBEENEL R2HFEEFT R3 5 R4 EEHZHM.
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BAIFS
(b) For drawing a bar that indicates that the potential difference across R; is nonzero and is 1 point

equal to the potential difference across R,

For drawing a bar that indicates that the potential difference across R, is nonzero and is 1 point

equal to the sum of the potential differences across R; and R,

For drawing all bars correctly

1 point

Example Response

AV

Battery R, R,

Total for part (b) 3 points

$%312022Q2a

4 AZ

BZ

!. (12 points, suggested time 25 minutes)

Students perform an experiment with a battery and four resistors, A, B, C, and D. The resistance of resistors A and
Cis Ry = Rc = R. The resistance of resistors B and D is Rg = Ry = 2R. The students create the two circuits

shown above and measure the potential differences AV, AVg, AV, and AV across resistors A, B, C, and D,

respectively.

(a) From greatest to least, rank the magnitudes of the potential differences across the resistors. Use “1” for the
greatest magnitude, ‘“2” for the next greatest magnitude, and so on. If any potential differences have the same
magnitude, use the same number for their ranking.

AV, AV

AVe

Justify your answer.

AVp
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HMENX 2022Q2a

fi#:

A. B HEXTEREMRE, —EBBEHLFTEMEEE Vb; C. D HEX, AHEM, DMEEN CHKE,
FRLA D BB ET C BIRTE.

1 2
AVA - AVB - ‘/;7, AVC - g‘/;), AVD - g‘/i)

%FE A, B. C. DRIBFE L. 1. 3. 2

BEANS

(@

For a correct ranking 1 point
1 AV, 1 AVy 3 AV, 2__AV,

For indicating that the resistors in parallel will have the same potential difference 1 point

For a justification that indicates AV, > Al because R, = 2R, 1 point

Total for part (a) 3 points

FB Bt HH A% FRLBR S Sh =R

hRZEMWRENEE, BERE NS RUBERMHERFES, BRlIRTEED

RS, Frlliathin

KR, BRBRPAXSFTRZEEEDNRNEN, LERENEFEANN, BIRNETNHRE

o
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gk 2024 Q3 ¢
Zx(a)7A&dE 2024 Q3 a(i)o

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

3€?
as P=——.
5R

(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).

fi#:
FIANEHe, BB MM SIHE B IR EBESFEL; 518 (a) NEBH:

3¢ 3¢&7

P=¢EI =622 =22,
! 5R  b5R
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BA¥5

(c) For indicating that the equation is correct or incorrect, consistent with the derivations in 1 point
part (a) or the bar chart from part (b), with an attempt at a relevant justification

For a justification that correctly relates P to at least one of the following: 1 point

e The potential difference across the battery
e The current in the battery
e R,,R,,R;,and R,

o . 3&? ‘ 1 point
For a justification that relates the equation P = SR to at least one of the following:

e The bar chart from the response in part (b)
e The derivations in the responses to parts (a)(i) and (a)(ii)

Scoring Note: The justification must be consistent with the derivations in part (a) or the bar
chart from part (b).

Example Solution

The equation is correct. The equation for P, which is power, can be written as
(Ar)’

P= I

. According to the bar chart in part (b), the potential difference across the

battery is €. The total resistance of the circuit is RIS , according to the derivation from

3

2 2
part (a)(i). Therefore, P = (AZ) _ ((% ) _ 35: '
3

Total for part (¢) 3 points

RFEMNG: ECERSMEBFEZNZR

HSCEMBIARE r S5MERRERER, FBEIEARRE, MANERBESBERAR. EFERE/); JNEER M
MEBEBERBEFTHENE. XTFE—1EHE, P=IR, BRB/IMEEFERIIZER.

E
I=—°  P,=IR
r+ R R
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iR 2024 Q3 d
Zx(a)7A&dE 2024 Q3 a(i)o

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.

R]
4'A"A%
r———71 " R3
| |
i r§_ i R2§
le=| Ry
Figure 3

When the ideal battery is connected in the original circuit, the rate at which energy is dissipated by Resistor R,
is Fyriginal- 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

is P,

new:

(d) Indicate whether £, is greater than, less than, or equal to Fyjsina-

P

—_— new

>P P

original —— ‘new

<P

original — Rew= Poriginal

Briefly justify your answer.

f&:
e EEEhEEMEE, (BIERINME r SHMEBEREREL, SHEBFEEM, Rl BR T, R1EEAFRE, HXKER
RN
, ¢ &
new = T T5R/3 S BR/3’
REEIE BB AR IR I B IR B E{I4EE,;, —SBn BB EREAMM L,

P w=12,R<P

new original*
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BA¥5

(d) For selecting that B, < F4ina With an attempt at a relevant justification 1 point
For a correct justification that indicates at least one of the following: 1 point

o The current in R, is less in the new circuit than in the original circuit

o The potential difference across R; is less in the new circuit than in the original circuit

Example Response

Fiew < Fyiginal - Since the emf of the battery is the same in the new circuit and the total

resistance of the new circuit is greater, the current in R, is less in the new circuit.

Therefore, P, is less than P

new original *

Total for part (d) 2 points

Total for question 3 12 points

EREBER, MERHAEX

BERKREN “Ad” HBREE, UIARARNZRERN—H7; BERELBRA T RNESE, #EXHD
RZIBlo FEHIFATBNTHRI MG, BRBEASER, BRAREREZERIBEERBHET,
EARESTRYFNE B To

% 2023 Q2 a(i)

Students are given an unknown circuit component that is connected in series to a resistor with known
resistance 500 Q.

(a) The students are asked to experimentally determine whether the component is a resistor or an uncharged
capacitor.

i. Complete the following diagram to show how to use standard circuit equipment to determine whether the
component is a resistor or an uncharged capacitor.

Circuit
Component
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fi&:

R, FFX. BRR. 500 Q BAMKMTHRERRASEER. BRAROAEETFTA, WRITHs
B, SERBER, NMHBRERMITH MR

500 Q S (closed)

Unknown

—(O—

A: series in the main loop V: across nodes a and b
BMEREREL; BERFKEFNTH MR,

BEANS

(a)(i For a diagram including a source of potential difference (e.g., battery, power supply) thatisin 1 point
a complete circuit that results in a current in the unknown circuit component
For a diagram including a measurement device that is appropriately connected in the circuit 1 point
(e.g., voltmeter, ammeter)

Scoring Note: A lightbulb that is connected in series with the circuit component is an
acceptable alternative for an ammeter.

Example Responses

Circuit
Component

500 Q Wire

OR
Circuit
Component 500 Q
- Wire
OR
il
Circuit
Component
OR
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AEEREME: XoBES8EAE

REBERENRIRBEENT, HEHREHER, FEFBEELM, BHEBEERE, BEDEN
EBEES BRI\ EEBHJ"JIJé’E?%% EEM. RRHNIEENNIAER, WlRKEGE, 8XE8
RILLEE A, RIEEIRSHER,

%% 2023 Q2 afii)

ZAin]&$E 2023 Q2 afi)o
Students are given an unknown circuit component that is connected in series to a resistor with known
resistance 500 Q.

(a) The students are asked to experimentally determine whether the component is a resistor or an uncharged
capacitor.

ii. Describe an experimental procedure to determine whether the component is a resistor or an uncharged
capacitor. Refer to the circuit equipment in the diagram drawn in part (a)(i).

fi#:

FIL TR ARTERE, AGHX, ERNIZERVER, FERKNEEEXIRER. SXESRHAT
HEBRRME, RIEEEVIERS. BEBNEFERSRERR;, ARBEANF~EFNRAEIZH
Bt

BA ¥

(a)(ii) For describing a procedure that includes a measurement of one of the following: 1 point
e The potential difference across the circuit component
e The current in the circuit
e The potential difference across the known resistor
For taking measurements at two different times after the circuit is closed or taking one 1 point
measurement a long time after the circuit is closed, consistent with the procedure described
Example Responses

Measure the current in the ammeter immediately after the circuit is closed and a long time
after the circuit is closed.

OR

Measure the potential difference across the circuit component immediately after the circuit is
closed and a long time after the circuit is closed.

OR
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Measure the potential difference across the circuit component a long time after the circuit is
closed.

OR

Measure the potential difference across the 500 Q resistor immediately after the circuit is

closed and a long time after the circuit is closed.

HEZBEER. ARANBEEEMEHERTN

ERIABVHTUE, TERERE. RFNERG=0, BERBBLENS. BHEBVHREIVC=q/
CHiAk, EREHEEEESALMNHTIRAL; RED, BRET), BEABTS,

E=IR+AV,,  AV,= %
I 2023 Q2 aliii)
7] A&dE 2023 Q2 a(i) 2023 Q2 a(ii)o
Students are given an unknown circuit component that is connected in series to a resistor with known
resistance 500 Q.

(a) The students are asked to experimentally determine whether the component is a resistor or an uncharged
capacitor.

iii. What results would the students expect if the component is an uncharged capacitor? Support your answer
in terms of potential difference and charge.

fi#:

IR B RMIGEBENT, BAZORZEMR, BRBRMAEAR, HBEBERZIEM, BHESBEHEE
E, BRONPTUENEREBEENBRA]; KitEEEREEESTHRBEEE, BEMKES
ENE, BRETE,

E=IR+AV,,  q=CAV.
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BA¥5

(a)(iii) For describing a correct result of the experiment that indicates the current in the circuit 1 point
decreases to zero over time or that the charge of the plates of the capacitor increases over time

For describing a correct result of the experiment that indicates that the electric potential 1 point
difference across the capacitor increases from zero over time
Example Response

Immediately after the circuit has been closed, a current should be measured. A long time after
the circuit has been closed, a current of zero should be measured. This is because the initially
uncharged capacitor becomes fully charged. This results in a potential difference across the
capacitor that is equal to the potential difference across the battery a long time after the
circuit has been closed. Therefore, according to Kirchhoff’s loop rule, a potential difference
will not be measured across any other circuit components.

Total for part (a) 6 points

EXNSBAMNBS®BE: itEBMA

BE CREFREFNENNSBEMREEENLL,. AEFECHENESE, FELRKE N ORYE
MEBELET M. BUERIUFERK10°F, A RESEIUEC HRAIRIETR,

q=CAV.

7% 2022 Q2 b(i)

In another experiment, the students have a capacitor with unknown capacitance Cy;. They want to determine Cyy
by using a battery of potential difference 4.5 V and several other capacitors of known capacitance. They create
circuits with the battery, the unknown capacitor, and one of the capacitors of known capacitance. The students
wait until the capacitors are fully charged and then record the potential difference AV o, across the known
capacitor and the potential difference AV{; across the unknown capacitor. Their data are shown in the table on the
following page.

Known
Capacitance of AVinown (V) AV (V)
Capacitors (uF)
200 0.91 3.53
300 0.65 3.74
400 0.51 3.95
500 0.42 4.06
600 0.36 4.17
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i. Calculate the amount of charge on the capacitor of known capacitance of 200 pF in the students’
experiment.

fi#:
BENEARESNBEEERER, MAESETHHEMBA4.5V:

Q = ChrownAVinown = (200 x 1070 F)(0.91 V) = 1.82 x 1074 C.

BA¥5

(b)(i) For calculating the correct value of the charge on the 200uF capacitor, including units 1 point
Example Response

_9
AV =

0 = CAV = (200uF)(0.91V)

0=182x10"C

FEBEIRFITERER, HEAHENENTRE

BREBEARRETRTEMBREFFEME, BITESMIREFENEREANMEE; SEBESEERIE
Bo AEBANEZEEZERBBME, BHEHER, BRAAIERE. JEBEIRBEY, HEHTEE
HIFARMEBAME T S DEM, EMELER/AVIBEE.

523 2022 Q2 b(ii)

In another experiment, the students have a capacitor with unknown capacitance Cy;. They want to determine Cyy
by using a battery of potential difference 4.5 V and several other capacitors of known capacitance. They create
circuits with the battery, the unknown capacitor, and one of the capacitors of known capacitance. The students
wait until the capacitors are fully charged and then record the potential difference AV o, across the known
capacitor and the potential difference AV, across the unknown capacitor. Their data are shown in the table on the
following page.
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Known
Capacitance of AVinown (V) AV (V)
Capacitors (uF)
200 0.91 3.53
300 0.65 3.74
400 0.51 3.95
500 0.42 4.06
600 0.36 4.17

ii. Briefly explain why the data in the table provide evidence that the capacitors are connected in series.

fi#:

E—1THRTREEBBERE, M_HEZMEERM 4.5V, FEREDE; ARKEEERRTS,

EBHENER,
BEANS

(b)(ii) For indicating one of the following as evidence that the capacitors are in series:

e the potential differences across the capacitors are different
e the sum of the potential differences across the capacitors is constant

1 point

e the sum of the potential differences across the capacitors is approximately equal to the
potential difference across the battery

%3] 2022 Q2 biii)

In another experiment, the students have a capacitor with unknown capacitance Cy;. They want to determine Cyy
by using a battery of potential difference 4.5 V and several other capacitors of known capacitance. They create
circuits with the battery, the unknown capacitor, and one of the capacitors of known capacitance. The students
wait until the capacitors are fully charged and then record the potential difference AV o, across the known
capacitor and the potential difference AV{; across the unknown capacitor. Their data are shown in the table on the

following page.
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Known
Capacitance of AVinown (V) AV (V)
Capacitors (uF)
200 0.91 3.53
300 0.65 3.74
400 0.51 3.95
500 0.42 4.06
600 0.36 4.17

iii. Briefly explain why connecting the capacitors in parallel would not provide enough information to
determine the capacitance of the unknown capacitor if the only measuring device available is a voltmeter.

fi#:

HEXRERIR N BREBEFTEMEBE; ENNEAFAERE. RSBEBERETENERNBEINE

o, A ERERRUEZEREBER,

BA ¥

(b)(iii) For an explanation that correctly addresses one of the following:

1 point

o that the potential differences across the known and unknown capacitor will always be

the same
o that the charge on the unknown capacitor cannot be determined

Example Response

Both charge and potential difference across the capacitor are needed to determine C.
Arranging the capacitors in parallel will mean both capacitors will have the same potential
difference. However, capacitors in parallel will have differing amounts of charge, making it
impossible to determine the charge, and, therefore, the capacitance of the unknown

capacitor.

AT SFMRS C

BBl B M T=RCRIEBATBRIE, FT—EBZEZANENE, HLEEM.

Total for part (b) 3 points

MRS RE, STA4LERE

[EERRVEERKR, BRIRERMIREERESFITRERC, MWESAFAKEFARFIER, EENE
By, =R HEE SRS L

T=RC,

R=

~|
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iR 2025 Q3 A

3. In Experiment 1, a student is given a resistor of unknown resistance and an air-filled parallel-
plate capacitor of unknown capacitance. The student is asked to predict the expected time
constant T of a circuit if these two circuit elements were connected in series with a battery.

The student has access to a battery of known emf, a switch, an ammeter, a ruler, and wires, as
shown in Figure 1. The plates of the capacitor are square, and the separation between the plates
is small compared to the dimensions of the plates. The capacitor is initially uncharged. Assume
that the dielectric constant of air is 1.

Figure 1

@ﬁﬁé

Resistor ~ Capacitor = Battery Switch Ammeter Ruler Wires

Note: Figure not drawn to scale.

A. Describe a procedure for collecting data that would allow the student to determine the
expected time constant T. In your description, include the measurements to be made.
Include any steps necessary to reduce experimental uncertainty.

fi#:

BN EIEL, AIo5KERERSEE C ABRAITIEE, FIURARERITNNGZ. ARZRX
MIEFFARMRIAK a MiRiEEE d, BRFLY, B8, X, BRRMANEHESBEK, EAEES; A5
FXRMIBERM |, ESRBEFIIFHEZRAEA RCIZ B,
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BA¥5

A For a procedure that includes both of the following measurements: Point Al
e The dimensions of the capacitor
e A current
For a procedure that indicates an appropriate method of reducing experimental Point A2
uncertainty (e.g., Repeat the procedure multiple times.)

Example Responses

Measure the length of one side of a capacitor plate. Measure the separation distance
between the plates. Construct a circuit that includes the battery and the resistor.
Measure the current in the resistor. Repeat measurements of current in the resistor for
the described closed circuit.

Measure the length of one side of a capacitor plate. Measure the separation distance
between the plates. Construct a circuit that includes the battery, resistor, and capacitor.
Measure the initial current in the resistor after the closed circuit is constructed.
Disconnect the capacitor from the circuit, discharge the capacitor, and repeat the
procedure.

HUELERIFIKEBE, REMYEEH

MsTIEFF A Ka, RAREBINAERRIRBERIG, ZHENEERHKETEE, BRZ; BE
RREMERERER, BRRAETSMEEERERFRE. SR, CEEKA ZREIENT, FAIEKE
TR,
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g%k 2025 Q3 B
7<) &4 2025 Q3 Ao

3. In Experiment 1, a student is given a resistor of unknown resistance and an air-filled parallel-
plate capacitor of unknown capacitance. The student is asked to predict the expected time
constant T of a circuit if these two circuit elements were connected in series with a battery.

The student has access to a battery of known emf, a switch, an ammeter, a ruler, and wires, as
shown in Figure 1. The plates of the capacitor are square, and the separation between the plates
is small compared to the dimensions of the plates. The capacitor is initially uncharged. Assume
that the dielectric constant of air is 1.

Figure 1

@ﬁﬁé

Resistor  Capacitor  Battery Switch Ammeter Ruler Wires

Note: Figure not drawn to scale.

B. Describe how the collected data could be analyzed to determine 7. Include references to
appropriate equations and to relationships between measured and known quantities.

fi#:

HRBOKES, SRMERIREILE 1, BERNEREZ/NFAKAZR, EEENBEESE
SETEZREsfE £
2 E E 2
A:CL2, CZEO%, R:T, T:RC:T%
KERK, BRARE, ERBUNM. BRENERNERE, NERNEEINEER, MmARRE
B EBENZINER.
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BA¥5

B For indicating that 7 = R,,C,, can be used to calculate 7 Point B1
For both of the following: Point B2
e A correct relationship between resistance, the emf of the battery, and current
E
(e'g'a Req = 7)

e A correct relationship between capacitance, the area of a capacitor plate, and

the distance between the capacitor plates (e.g., Coq = gog
Example Responses

T = R Ceq can be used to determine 7. R, can be determined by using R., =

£
eq —eq 7

>

where I is the current in the resistor when the resistor is connected to the battery.

Ceq can be determined by using Coq = &, g where d is the distance between the

capacitor plates and A is the square of the length of a capacitor plate.

£

7 = R Coq can be used to determine 7. R, can be determined by using R., = 7

where I is the initial current in the resistor when the resistor is connected in series with

the battery and the capacitor. Cyy can be determined by using C , Where d is

A
eq — 503
the distance between the capacitor plates and A is the square of the length of a
capacitor plate.

ENFEAYEER: S5O R BEKA

SZeBHAGRER, BMEEEASS, AESINEEBEBERRKIR, ENRRKARAIR—8R;, —B
EEiER, ARSHAZ,

E—Ir—1IR,. =0.

var
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= 2023 Q2 b(i)

The students conduct a different experiment to determine the emf £ of a battery that is not ideal and has internal
resistance » = 30 Q. The battery is connected to a variable resistor in a circuit, as shown. The students measure the
current / through the circuit for different values of resistance R, of the variable resistor that is connected to the
battery. The following table contains the data collected.

1(A) | Ry (@)
0.087 200
0.060 300
0.042 450
0.027 700
0.016 1200

i. Write an equation describing the circuit in terms of £, I, r, and R,,,.

fi#:
RFE r SAI Y EFEEREL, —E&EMERE—ER. KO ERASHREMEIR:
E—Ir—1IR,,, =0, &=I(r+R,,).

var

BEANS

(b)(i) For an equation that correctly applies the loop rule 1 point
Example Response

0=+s—1Ir— IR,
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M q=CAV ELE M A4AR

FE—EBRICEE, BRSHBEEMIELL, WHMEEE. HHMBENMRMEC;, REMEFRARE
o, TaRA. BRRHANER, TAENBERAREBEHEHRNSERE, BSRNBEEEEMK
#1To

9y = Yxnown — CknownAanown? qu = C(UAVvU'

%5 2025 Q3 C(i)

C. In Experiment 2, the student is asked to determine the capacitance C of a new parallel-
plate capacitor. For each trial, the absolute value |AV| of the potential difference across the
capacitor is varied and the charge g stored on one plate of the fully charged capacitor is
measured. Table 1 contains the data collected.

Table 1
|AV| (V)| ¢ (x107°C)
3.0 2.4
5.0 4.2
7.2 5.6
8.0 6.6
10.0 8.0

i. Indicate two quantities, either measured quantities from Table 1 or additional calculated
quantities, that could be graphed to produce a straight line that could be used to
determine C.

Vertical axis: Horizontal axis:

fi#d:
C(i) BRI SMimEEEMIELL, A AV (V) , A q (C) , RIEMZE C
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MmN 2025 Q3 C(i)

BA¥5

c For indicating appropriate quantities that can be plotted to produce a linear graph to Point C1

determine C

Scoring Note: Any response that correctly identifies the functional dependence

between varied quantities earns this point, regardless of any coefficients that contain
numbers or physical/fundamental constants, or which axis is chosen to graph each of
those quantities.

Example Responses

q as a function of |AV|

|AV| as a function of q

1 . 1
— as a function of —
q g

1
|AV]

#:3] 2022 Q2 c(i)
Z=a)7&4E 2022 Q2 boii)o

as a function of é

In another experiment, the students have a capacitor with unknown capacitance Cy;. They want to determine Cyy
by using a battery of potential difference 4.5 V and several other capacitors of known capacitance. They create
circuits with the battery, the unknown capacitor, and one of the capacitors of known capacitance. The students
wait until the capacitors are fully charged and then record the potential difference AV o, across the known
capacitor and the potential difference AV{; across the unknown capacitor. Their data are shown in the table on the

following page.
Known

Capacitance of AVinown (V) AVy (V)

Capacitors (uF)
200 0.91 3.53
300 0.65 3.74
400 0.51 3.95
500 0.42 4.06
600 0.36 4.17
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(c) The students want to produce a linear graph of the data so that the capacitance Cy; of the unknown capacitor
can be determined from the slope of the best-fit line for the data.

i. Indicate two quantities that could be plotted to produce the desired graph. Use the empty columns of the
data table in part (b) to record any values that you need to calculate.

Vertical axis Horizontal axis

fi#:

RRNA N BEAEESEEE KX/, JHEMNEBERNBEHBERMNEINER. HATIHEE 182,
195, 204. 210. 216 uC, FEf&EH AVU (V) « M3 QU (uC) »

BEANS
()  For choosing two quantities that will produce a linear plot that can be used to find Cyy 1 point

Example Responses

e anown (CknownA anown ) and A VU
e (Oyand AVy

RKEBENE: S EESIMBEEELE

WFEEMBY, [ERRXFRI=E/(r+Rvar), BIERISTREEERL, FSRER, Rtk EEERLR. b
EREEESEIE . SeMAEBEEL; RESMNERSRS FESIZAME,

1
I=6—— .
<T+Rvar>
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IR 2023 Q2 b(ii)
Zsia)&dE 2023 Q2 boi).

__________

The students conduct a different experiment to determine the emf £ of a battery that is not ideal and has internal
resistance r = 30 Q. The battery is connected to a variable resistor in a circuit, as shown. The students measure the
current / through the circuit for different values of resistance R, of the variable resistor that is connected to the
battery. The following table contains the data collected.

1(A) | Ry (@)
0.087 200
0.060 300
0.042 450
0.027 700
0.016 1200

ii. Which quantities could be graphed to yield a straight line that could be used to calculate a numerical value
for the emf £ of the battery?

Horizontal Axis: Vertical Axis:

fi#:
SREBEEE A E S R EIE s x, BAI QO i1, BAIA, FA:

1
I=&(———
<T+R’UOXI">’

B4R ANBRE, 730 Q0 RFEMEISMERR, FEREIRR; RA 1/Rvar FEARBARLMREL,
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BA¥5

(b)(ii) For indicating appropriate quantities that, when graphed, result in a linear graph that allow 1 point
students to determine emf &

Example Responses
1

e ——— . [
r+ Ry s

o [ vs. IR,

e R, Vs %
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Wi, HRAFS BN

KESE&WIH5 42 N7AM
TR RLITHRE EAMURERNUE, RKESLTEHEIZN, GFBIE6ERR, WERENGMH

MM AR, EANREAX, BAREARET. RE—RSLRIEIN, GFOELOXRS
SMIERRAEEE, BACHREUENETZRZH, MHAEMEE NG R. MiPFEhigiEn
ERARE: REZIHHEIEER, KEABEE, FELEBBERSG, WRELASE NS
M|, JEEENAE,; BiEERAREHRRANSH, BisEnts, Bk FAS4E1m L.

F=1/xB.

% 2025 Q1 A(i)

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 1
y=+d--3 — 3-—-
Wire 1 1
y:O—3 ° —> — X
P

Note: Figure not drawn to scale.

87



AP Physics 2 MY 2025 QLA(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

fi#é:
BEAIE +x BA. +y AL, vz 8RN BL2BEFA +x, PEETH. AFHEAER, MisfEmA
N, PR B2 E P8 -z, SL&1EFMA +x, 1EXBIEM +y; RAMERMAR, Hism tASLE2,

BEAWNS

A (i) Forindicating that the magnetic field is directed into the page in Figure 2 Point Al

For indicating one of the following: Point A2
e The magnetic force is directed in the +y -direction in Figure 3.

o If the direction is out of the page in Figure 2, the magnetic force is directed in
the —y -direction in Figure 3.

Example Response

Magnetic Field from Magnetic Force on Wire |
Wire 2 at Point P by Wire 2
Figure 2 Figure 3
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MESLNIE: SHRES=RNUEM

[ERE ERER. BHUH LA RLHR LR, F=RERSPLLAUT TH. LRE—KRBIFFE, |
MKEER, AXRNMUEENTRIMIKIES, HIZREERER, MEESIEATA); &EHEERE
B EIHRT S 445,

pol

o

BT 2025 Q1 A(ii)
Zsa) 3% 2025 Q1 A(i)o

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 JE—— }——-
Wire 1 1
y=0—"7 o — Y X
P

Note: Figure not drawn to scale.

ii. Very long Wire 3 carrying current 2I in the +x-direction is placed in the xy-plane along
the line y = y5. 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.

fi#:

FREREE, BR5IFE&1, BIRNESZ2A LN, EZREINBERRTH. NSL1IFE—EKK
E, EEARMNKEMRR, IEHFENTEZAN:

pol B po(21)

27 ond’ 37 2rlys|

32 - B3'
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2025 Q1 A(ii)

I 21
d |y3| | 3| 3

RE—FPUAEEHRA: 2d BEE, TEHTS %R

Wire 2: 1
d i F2()l >
T Wire 1: 17
0 A >
- 1
F3(1]
Wire 3: 2/
—2d >
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BAIFS
ii . o . 1 ~ . . Point A3
(i) For a multistep derivation that includes B = 5—70”, ZF = 0, an equation that is o
equivalent to one of the equations listed, or a relevant equation
Scoring Note: Vector notation is not required for this point to be earned.
For a correct expression for the magnitude of the magnetic field due to the current in Point A4
) = Mol
Wire 2 along Wire 1 (e.g., 2zcd
For a substitution of 2/ for a current term in one of the following expressions: Point A5
e The magnitude of the magnetic field due to the current in Wire 3 along Wire 1
Hy(21)
(e‘g'9 27Z'd3 )
o The magnitude of the magnetic force exerted on Wire 1 due to the current in
. My (21)
.g., Il
Wire 3 (e.g., 27d, )
For equating the magnitudes of the magnetic fields from or the force per unit length Point A6
exerted by the currents in wires 2 and 3 along Wire 1, consistent with point A5
Mol pp(21)

(g 577 = 2rd, )
For a correct expression for |y;| (e.g.,|ys| = 2d) Point A7

Scoring Note: A correct, isolated, final expression earns points A4, AS, A6, and A7.

Example Response

Ml
B = 27rr
Mol
B, = 2zd
_ w20
37 2nd,
ol _ w20
2rd  2md,
¥y =—2d
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KESZyRNRILAIE

FE—RFLERTE, BrREE. BNZBEANFTRENMUE, LERMMRSHIBRIES, BILESET
REL; BEEMNSLERL, FTEMEELSEIL.

R 2022 Q4 b(i)
£
+ —
L Coil
L
7
L 1 Wire
. - -
1

(b) The charged object is removed, and a square coil with side length 2L is placed near the long, straight wire, as
shown above. The bottom of the coil is a distance L from the wire. The magnitude of the magnetic field due to
the current in the wire is 3B at point P; and By, at point P;.

i. Write an “X” at a location on the figure where the magnitude of the magnetic field is 2B,
Briefly justify your reasoning.

fi:
A—S4B5EEMRKR. B4 L4 3B0; Ef%3|2B0, BEEMNEAEEMN 3/2, FALLEESE 1.5L
BIKFEAIBERR X, &F P1FAiEEL&Zid.,

3/ - ° P2 IBO
Q
E
e | e 2L
o
“ 1.5L - X 2Bo
8 L A P]_ . 3Bo
e
A=)
()]

0 Wire

[REARZE2L, 1H582BOMIETEL.SL, AFP15HZ% A,
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EANS

(b)@  For an “X” between point F, and the dashed line 1 point

Example Response

P,
T <
L| Coil
L| X
+ ®
P
1 go
. 4 Wire
--- -t ---
/
For indicating that the magnetic field strength is inversely proportional to the distance from 1 point

the wire
Example Response
Magnetic field is inversely proportional to the distance from a long, straight current carrying

1
wire: B = 5—70zr . Doubling the distance from the wire from L to 2L would reduce the

magnetic field from 3B, to 1.5B,. Therefore, the magnetic field would be equal to 2B,

somewhere between L and 2L .

Mir¥e: BHSHIFEREE

SRFANREFHBEENN, WRERNEANEAXNESE. EESHHER, BHOXNA
BAKXNAQIE; BEEMEEE, RETFREFAHE KESL&HINERNFARIEANER,

q|vB,

E
E = |qluB ——
lq| lqlvB, V=g
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B 2022 Q4 a

Wire

n?’
<—Q~—>|

(10 points, suggested time 20 minutes)

At the instant shown above, a negatively charged object is moving to the left with constant velocity v near a long,
straight wire that has a current / directed to the left. The region contains a uniform electric field of magnitude E,
and the charged object is at a distance d from the wire. The figure shows the electric and magnetic forces, Fy and
Fy, respectively, exerted on the charged object.

(a) Derive an expression for v in terms of E, d, I, and physical constants, as appropriate.

fi#:
HHEYMASR, BRmAOER, FILETTRSE, U |q REBERFEN), RESHIHER:

E
Fp=Fy, |q,E: |‘I|U37 UZE-

MAEBKESL N d, BizlEnTREN:

ol 2rdE

ond’ ol
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BAIFS
(a) For an appropriate use of Newton’s laws to set the magnetic force equal to the electric force 1 point
For using correct expressions for the magnetic and electric forces 1 point
For substituting an expression for the magnetic field to yield a correct expression that 1 point

includes v and the given quantities

Example Response

SF = ma

Fy—-F =0

Fy = Iy

qvB = qF

v(%j =F

= 2ndE
Hol

Total for part (a) 3 points

MriERL:. AEENESERNES
RISEERNEE, ZEBER, REEM, WEMRERATDIREBEIRFARE, BER—WEE

S5iREEE, BEXREBZEMIR; FENIEB LA RENEIDITSEME RS A—FEESRN. B
ENRBEEILRE, BUNTIREGRE,
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B 2026 Q3 A(i)

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 O Device X B X d X Motion
+Q O _ % x 0 % % 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.

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

fi#:

LR 1REEIHRNEENE R RN ARE v, ARERHERTIREIREE & WENFREERET
& HEVNEAR R, BIERAB (v,€). REEd B, TIHIEHE R KERMHENETIT.

BAITS
A (i) For indicating the following two quantities: Point Al
e v
o &
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EERRENE, B/EIREIRE

FEHFNEERG TZ XA REHREREIBE, BESRWENFY, AU/NE—RENRENR
M. BMEMEREEEMIIRLE, FHEELHSABIERE, FEEIMETIENT R KEIRE
HRIREES

5% 2026 Q3 A(ii)
Zxia)&4E 2026 Q3 A(i)o

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
Device

X X X ;
[ ] © B d Motion
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.

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

fi#:

E—IREEEM v. BT, BMZSMREEE “TMREE-NE" , USAHABERMSEDTIREOR
%o
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BA¥5

(ii) For describing a reasonable method of reducing experimental uncertainty Point A2
Examples of acceptable responses may include the following:

e  Multiple measurements of £ and/or v
e Repeat the procedure for different values of £ and/or v
e Repeat the procedure multiple times

Example Response
Measure v and & . Repeat the procedure for different values of v and & .

FIHRSREEE: SMEREY

FIRIBRABFITREEST/ NFIRRYT, FREGEMEIE, E=E/de FREZFAE=VBOEENRIRIE]
BESEREEZER, F216=B0dv. EBENMNM. RENEM, RRGVSENIRE; KBOBIRIL
do

g = Bod’v, S = B0d7 BO =

Ul ®
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583 2026 Q3 B(i)
Zxia)&4E 2026 Q3 A(i)o

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

10 Device X g X d X mm Motion
+O Q- L] x w0 « ™8 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.

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.

fiRé:
B(i) Mmit EZBRE S, BAMEHIAIMEE, WRiaiEa58:
&

B =ldeBy,  E=S5,  &=DByv

iy (m/s) , YHe (V) , BEIL EIRRIEL.

A in] Qi iF PR SiBREIBRIIRNTRIZFGE, BIEFMEMERRL y=sx; T—/Na7A BFZFRHR
BXHEA K )N
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EANS

B (i) For indicating appropriate quantities that can be plotted on a graph to determine B, Point B1

Examples of acceptable responses may include the following:
e & as afunction of v
e vasafunction of £

. as a function of 1
v

<= |~

as a function of %

Scoring Note: This point is earned for a response that correctly identifies the functional
dependence between varied quantities, regardless of any coefficients that contain
numbers or physical/fundamental constants, or the axis chosen to graph each of those
quantities.

BEMEERLZ: MERRIRETFHT

WIA EFMRE BE. #MEE, BEI2HSHNE=B0dv, EIERHKBOAFEE, FRIIXIKEIMRIES
f2B0d, BIREBOMREAE, STMbRAd; ST MM, BIAKES HSHRERXR.

s=DByd, By= 2.
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fBI=A 2026 Q3 B(ii)
Zsia)&dE 2026 Q3 B(i)o

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
Device

X X X i
1o Jetocto
By % d « ™8 Detector

+O Q- X X
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.

ii. Briefly describe the relationship between B, and one feature of the graph from part B
(). Your answer may include an equation that relates B, and the indicated feature of the
graph.

fiRé:
B(ii) &RIZE N s, LHIRELXRAA:

Ul »
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BA¥5

(i) For indicating how the slope of the graph can be used to determine B, Point B2
Examples of acceptable responses may include the following:

o Theslope of £ as a function of v is equal to Byd .

o The slope of v as a function of £ is equal to B_ld
0

o The slope of% as a function of% is equal to BLd
0

o The slope of% as a function of% is equal to Byd .

ERKIFRIGESRE: #RERE
HEERBURTFRENER, TARBAX—TMIFHERFRESK=mv?/2, BREENER, [RELHLM/2
By, SBREEEHRAN, BREIR2M,

2K

—.

5= 2024 Q4 b(i)

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.
e Particle 2 has mass % 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 K, respectively.
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Region of +y
Constant.Um.form O Particle
MagnetRF ield 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.

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.

fi#:
RIF2REN M/2, FEEIRIEM 2M, HE B CMEIREXREE:
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EANS

(b)(i)  For a correct expression for the speed of Particle 2 in terms of K, and M 1 point

Example Response

K
=2./=2
VSN M

Example Solution

K =—mv
(M)
K, 2( 5 )v

K,

b2

BHEROEN: FEUBRER

MABABERE, FHIEE, QLMND, CAHEHAREHRBNALET, AL FE
S —FT. SR Sm?/HE%, BAAX—MITHESR. BERNSBEA . AOET. HO
B ERTFERE, KTEBL.

[

muv

muv
qlvB = —, r=—.
B == VE

IR 2024 Q4 b(ii)
73 4% 2024 Q4 b(i)o

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 K, respectively.
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Region of +y
Constant.Um.form O Particle
MagnetRF ield 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.

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.

fi#:
AP HERERE, FTHEER, CRERNEFRFENEOEH; “Adh” FREBMB—I,

2

muv muv
qlvBy = —, r=—.
| ’ 0 r ‘q,Bo
o (M/2)2y/Ky/M _ VME,
2 (2Q)B, 20B,

RIFHNR T BARL, FERXKEEFR; KFHUBANEER, T2+

MK,

ALU:QT‘Q:QT.
0
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BA¥5

(b)(ii)

For substituting an appropriate expression for the magnetic force exerted on a moving 1 point
charged particle in a magnetic field into a Newton’s second law equation

Example Response

. gvxB
m

For correct substitutions of the mass, charge, and speed of Particle 2 from the response in 1 point
part (b)(1) into an appropriate expression
Example Response

(3]

208,

For indicating that Ax = 2r 1 point

Example Solution

Total for part (b) 4 points
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TRAFSERT: f¥m, BHRFER

FIZERANEREXFEZRNGME, ABERE. DRESVNEHNE; RE. ERR, BEA/NG
REZHFZ. AIECSLLEINEFASEE, ARSEERERERE, BLLRmy/(|q|B), T\%‘ER%EE?E‘T
ERBFR

BT 2024 Q4 ¢
Zsjn]7&$E 2024 Q4 a. 2024 Q4 b(i). 2024 Q4 b(ii).

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 K, respectively.

Region of +y
Constant.Um.form O Particle
Magnetl\cﬂfleld 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.
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(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 .
- O Particl
Magnetic Field artiele
| (L_— x
N Y A e
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ] [ ] ° ° [ ] [ ] [ ] [ ] °
By
[ ] [ J [ ] [ ) [ [ ] [ ] [ ] [ ) [ ] [ ] [}
[ ] [ [ ] [ ] L] [ [ ] [ ] [ ] L] [ [ ]
[ ] [ J [ ] [ ] L ] [ ] [ J [ ] [ ] L ] [ ] [ ]
[ ] L] [ ] [ ] [ ] [ ] L] [ ] [ ] [ ] [ ] [ ]

fi#:

HispEARSh, WMIEEM T, [ERMERI vXBRAE, FIUKIF2RELR,; fHREFIRA, WRFRE
BEERRE. REMEBRA/:

1.0 A

—— Particle 1: r;=2nr,
0.5 A —— Particle 2

0.0 Yo
—0.5 -
~1.0
—1.5 -

_2.0_ BO:Q

X

RIF1IEEERAFE; HF2mAERNFE, FEHER2: 1,
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(© For drawing a path for Particle 1 that is concave up and to the right 1 point
For drawing a path for Particle 2 that is concave up and in the opposite direction of 1 point
Particle 1
For drawing the path for Particle 1 with a larger radius of curvature than the path for 1 point
Particle 2

Example Response

Region of +¥
Constant Uniform S
Magnetic Field O Particle
.$ +I
\ |’I |I
. . . . . LA . . . . -
N /o /
S A \‘ J
. . - L T \ . . . . S .
Particle 2 By ,.J
. - - . - - - Hi"“-v--__t_ __.0'"-'; . -
Particle 1
L] L ] - - L] L ] - L L ] - L] L ]
L] L ] L ] L ] - L ] - [ ] - - L ] L ]
. . - . . - . . . . . .

Total for part (¢) 3 points

HAHBHE: RRFEBFHHR

BHAORFBESHNZ, ZBREMEIZAFIES], BHBARE; REEBENGS. ABRFTHE
HEBGkE, Eit “FIFEBEHAR FeEZEISMREBET G,
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%R 2024 Q4 d
Zsa) 4% 2024 Q4 ¢

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.
e Particle 2 has mass % 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 K, respectively.

Region of
Constant .Um.form O Particle
Magnetic Field l +x

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.

(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.

fi#:
KWFINEAHRA, BEEHASR, BHEAL; NFIHAE, BH58RME, EILEHNE +xBA.
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HUmiENX 2024 Q4d

(d) For indicating one of the following: 1 point

e That the electric field is directed in the +x -direction

e A direction of the electric field that is consistent with the path of Particle 1 drawn in
part (c)

Example Response

+x -direction

Total for part (d) 1 point

Total for question 4 10 points

EiE+R5HRIE: (WHEZ

E—MiFREAMERREE, BNEFRESEIAR/NRREL. #HA1/BA RIBRIEXRNUMEL, &
EmfRRERES; KERBUNMERREIN, BERSEPKRE,

mu? mu, 1
QueB = =%, TZ(QO)B'
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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 Q = + 6.4 X 107" .

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

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(M) | r(m)
0.04 1.8
0.06 1.2
0.14 0.5
0.16 0.4
0.20 0.3

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.
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AP Physics 2

Point C1

79 mv0/Q.

7
L

=+

Quantity (units, if appropriate)

113

Quantity (units, if appropriate)

r

1

B
1

r as a function of
B as a function of
— as a function of B

1
P

* pasa function of ¥

1

contain numbers or physical/fundamental constants, or which axis is chosen to graph

functional dependence between varied quantities, regardless of any coefficients that
each of those quantities.

Scoring Note: This point is earned for any response that correctly identifies the

Examples of acceptable responses may include the following:

(i) For labeling both axes with appropriate quantities and units that can be plotted to
produce a linear graph to determine m

ik 1/B (T1) , HEr (m) o XBERRVRLEMATHES, Hfl:
C

C(i) SE3u23RE vO BEIRE. B Q BlE, MAREmOLET]:

fi#:
BEAES
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BT ES IR R

ORI LB E, REABTHIRNEDNE R, SHIBRERA/NREE; BRAEME
B AR TR, FIRANIERE, FReBRrE LS mARIERA .

_ A9 _ €yl
|£avg| - At ) ‘Iavg‘ - R .
5% 2022 Q4 bii)
£
T —e
L Coil
L
-
L : Wire
- -t -
1

(b) The charged object is removed, and a square coil with side length 2L is placed near the long, straight wire, as
shown above. The bottom of the coil is a distance L from the wire. The magnitude of the magnetic field due to
the current in the wire is 3B, at point P, and B, at point P;.

ii. Over a time interval of 2.0 s, the current in the wire is decreased. The initial magnetic flux through the

coil is 5.0 x 10> T-m? and the final magnetic flux through the coil is 1.0 X 10> T-m?. The coil has a
total resistance of 10 Q. Calculate the magnitude of the average current in the coil during the 2.0 s time
interval.

fi#:
RGBT (LBR AR EIR 3 RN BB Eh B A/), BR%E S BEKFEYERAND. A,

= |A®|  |(1.0—5.0) x 1077| v

avg At 2.0

[€avgl  2.0x1075
R 10

|& =20x107°V,

I A=20x105A,

avg
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(b)(ii) For using the change in flux, with correct substitutions, to determine the emf 1 point
For correctly applying Ohm’s law with correct substitutions 1 point
Scoring Note: It is not necessary to independently calculate a numerical value for the emf.
Example Response
-5 -5 2
A, | (50107 =1.0x107) Tem .
=|- = =20x10"V
€] ‘ At | 20s *
&l _20x10°V 6
I—R— 00 =20x10" A
Total for part (b) 4 points

R Xy, BRITE—E=

—REBENERNE, SEFIMMHES—REABNEEE. ISBEXMIATRSEFE, AaRIEBE
R RN BEHENER. MABETTESLER, BAFE—MEEMIAH T B LT EFEEN.

il 2022 Q4 ¢

1
1

Power Supply . Lightbulb
]
="=>
L1 Round Coil

The wire is removed and the square coil is positioned so that the coil is directly above and concentric with a round
coil of wire connected to a power supply. A part of the square coil is removed and a lightbulb is connected to the

coil, as shown above.

(c) During a short time interval, the current in the power supply is constantly increasing. Use physics principles to

explain why the lightbulb is lit during the entire time interval.

fi#:

BB BR~ET, Wingd EanaBEmmiii. RLE R REZENERIFEEA, RItEdrs
KEMNHBIRENE, FHEERERNEHEBESH BN BEBMER, BRELITE, BN

B B) R &R =

MEABTRESLER, REFSERBNNZHERSTN, TR “FEHT” , R IENF %

It =,
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BA¥5

(c) For indicating that the current in the round coil produces a magnetic field 1 point
For indicating that the magnetic field from the round coil produces a flux through the square 1 point
coil
For indicating that the changing flux produces an emf or current in the square coil circuit 1 point

Scoring Note: A response that indicates that the magnetic flux only changes during a portion
of the entire time interval does not earn this point.

Example Response

The current in the round coil produces a magnetic field. The magnetic field from the round
coil passes through the square coil, producing a flux. As the current in the power supply
increases, so does the current in the round coil, and, therefore, the magnetic field created by
the current increases. Since the magnetic field changes, the flux through the square coil
changes. The constantly changing magnetic flux through the square coil produces an emf
and, therefore, current in the square coil to light the lightbulb.

Total for part (¢) 3 points

Total for question 4 10 points

BRER:. SHREEEFT

EAKESSEFINREBERNRT AR, BEGHEHTRESEHE. RV7HEENZHENTK:
[REAEER/EY, BRNZHEEA; RAGIEEES, BNGA RIS &ERALEBAFRNILHRERNT
TR RIS B £ o

IR 2025 Q1 B

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.
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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 — 3 +y
Wire 1 I
3 — 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

___ Thereisno induced current in the loop.
Justify your answer.

fi:

SETHREZEHENRE, &EE -y TERIRSLE, Hi7MHEEEEMMESS, FILBNERE
BRL. BNIZEMBEIEXNELD, SENER; AFEIEERRA, WEIRA s Z, FrURN IR
o

BRERNRINEGBNEN, FIF—FLBNGSRERE; KB —EBR,
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Motion

BEANS

B For indicating that the induced current in the loop is clockwise Point B1
For indicating one of the following: Point B2

e The direction of the magnetic field due to the currents in wires 1 and 2 is into

the page inside the loop.
e The magnetic flux through the loop due to the currents in wires 1 and 2 is into
the page.
For correctly relating the change in the absolute value of the magnetic flux to the Point B3

direction of the induced magnetic field produced by the induced current in the loop

Scoring Note: This point is checking for a correct application of Lenz’s law to the
direction of the magnetic field chosen in point B2.

Example Response

Clockwise. The magnetic field from wires 1 and 2 is directed into the page within the
loop, and the absolute value of the magnetic flux through the loop decreases as the loop
moves away from the wires. This means that the induced magnetic field produced by the
induced current in the loop must also be into the page.
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5. RESS5FH
TS—RE—FEE: ZFEEICR

AENEEER, FEEERE, BEAFNRRKNNE, HREESEL;, SERSNPOASAFT R
f; MBIrRRERNEBEAIZSANIEEEZL. 88— TREEEMEEL, BX—AXRHELE, A2
BEREANOSHO.

nq sin01 :n25in92, 9&;;}29)\571.
fll& 2023 Q1 a
Norlmal
l
6, |
\d na
i
nW
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

6;

~ n,
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fi#:

AEMNEEER, SIMNTTHENK, KEFFREA, INEERIREZS, RERBANFTAFTR
5, SnmA LAERE. BAMKENESEIZE ZE&RIT, DS BREZENRARNNETR
TRNGA, EEELREBAE LS,

BA¥5

n,Sing, =n, sing,, N, SiN6, =n,sing,, 6,=79,.

Water

(@

For drawing a straight-line path from the entry point to the bottom of the tank with an angle 1 point
from the normal that is less than 6,

For drawing a continuous path that is symmetric about a vertical axis that intersects the mirror 1 point
at the location where the beam of light is incident upon the mirror
Example Response

N orlmal
|
6; |
\<: / nu
I
I

Total for part (a) 2 points
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BN RETW, ARERS

FE—RICEIFHLERE, MEHICFEREHRT. ITHRAEA, FTEREC/n); RKERERN

R, FRUEE, XERRKENRPILHRK, JHBESBFYIRREE k.

c v c
O A
& 2023 Q1 b
Norlmal
i
6; |
\d na
|
. "
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 n,, is greater than index of refraction n,.
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Norlmal Norlmal
| |
0 i 6, |
~<4 Ma NG M
] [l
I I .
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 ny,). 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.

fi#:

FE—RAEFLENTRFAEARERTALE; BERIMHRATESR, BEB/N. BKEFTRERUER,
PR LUBAS IR Yo

c v c
v = —, )\ = — = —
n foonf
BAIFS
(b) For indicating that the wavelength of light decreases without any incorrect statements 1 point

Example Response
As light travels from one medium to a medium that has a higher index of refraction, the speed
of light decreases and the frequency of the light remains the same. Therefore, the wavelength

of the light decreases, as described by the equation 1 = A

7

Total for part (b) 1 point
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ZANFTHRE: EENBITSER

FITRERELTT, FUR—FENFRARRE —FRENANS A, ESENANSin0RFAE, Fid
BEHEH, AERASNMTRSREANTHNEFN, BR&EERA,

n,Sin#, =n, sinfy, =n,, Sinf; =n,siné,.

%% 2023 Q1 c(i)
Norlmal
6; |
\d na
. 0.
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 n., is greater than index of refraction n,.
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Norlmal Norlmal
| |
6, 6, |
\4 n, \|<l My 1
] [l
I I .
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 ny,). 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,).

(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
6; |Incident angle of the beam in air 0; |Incident angle of the beam in air
P Angle the beam makes with the normal in
2 |the top layer in Model B
P Angle the beam makes with the normal in 0 Angle the beam makes with the normal in
1| 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

i. Determine an expression for 6, in terms of 6;, n,, and n,.

2.
BRETT, FEHRE, AESERTHER:
ngSing;, =n,, sinf, =n,, sinf; = n,siné,,
6, = arcsin (na sin 92.) .

T
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EATES

(c)(i) For a correct application of Snell’s law for two media boundaries 1 point

Scoring Note: If a test taker correctly applies Snell’s law for air and the bottom layer, this
point can be earned.

Example Response

.1y . n, .
6, = sin 1(—asm¢9ij OR sing, = —2sin6,
"y y

Example Solution

n sin@ = n,siné,
n,sing; = ny, siné, = n, sin@; = ny,sinb,
n,sing; = nysinf,

. n, .
sin@, = —sin6,
Ty

.1 g
6, = sin l(—asmﬁij
"y

18R nsin: BIFSIRAFAE

MHEFCREFITEEHRNSinOBEIE. EO0FI0EE, EZEAEK; MHRAN—E, AR/ 1HF
RHBEANRFHHERNAES; HFEREHI

125



AP Physics 2 MY 2023 Q1 c(ii)
5% 2023 Q1 c(ii)
Za) AdE 2023 Q1 c(i)o

Norlmal
i

6; |

\4 n a

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 8; from the normal, as shown in Figure 1. Index of
refraction n, is greater than index of refraction n,.

Norlmal Norlmal
| i
el | 01 |
~<4 Ma, NG M,
I |
I I .
: -

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 ny,). 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,).
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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
6; |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
1| 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

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

6, 6, 0, 6,

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

fi#:

B—=SNHFHEHT, nsind HRE, ITHEEK, SH 0 /). KNITHERE, KE&ZS; Model A
#0 Model B HHE#8H nm:

¥ 01. 02, 03. 04 MVIIFIE 2. 1. 2. 3o

BAIFS
(c)(ii) For indicating that 6, alone is the smallest angle 1 point
For indicating that 8, alone is the largest angle 1 point
For indicating that 6, = 6, 1 point
For an explanation that correctly relates the index of refraction to an angle 1 point

Example Response

2 g 10 _2 6 _3 o,

6, has the greatest value because water has the lowest index of refraction. 0, and 05 are

equal because each is in the same layer with the same index of refraction, but the angles are
smaller than 6, because the index of refraction is larger in this layer. 0, has the smallest

value because the bottom layer has the highest index of refraction.

Total for part (c) 5 points
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1B BFEERRIKTFEE RN

REHN—E, NE5BEZELRMAO, BRKFEFAH tanb, KEfREEFHABRKFMEZRE, RZEHE
BEAM; PEN&ENFIE, LIRHEE: AT/ MEEZEKFERZT/.

#5I2% 2023 Q1 d
Z 1A% 2023 Q1 c(ii)o

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 8; from the normal, as shown in Figure 1. Index of
refraction n, is greater than index of refraction n,.

Noqmal Norlmal
| |
0, i 6, |
~<4 Ma NG M,
| |
I I T
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 ny,). 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,).
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Nor'mal
|
6, .
\<i a
|
nW
Original Tank
N orlmal N orlmal
i
0,
\\d n,
|
!
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 da to dg. Briefly justify your answer.

fi#:
R H. AR A 0 MEIZKTIESE  Htand, REIFEERM, RKE:

d, =2Htang,,.

Model ABYAREE/N, FRLUKFRER/NFRKIERIIEES, Model B =ZEFAHIR. FR;, LEASRKIEN
@, . TREAEN, FIUESKFEEHREN:

w*

H
dp = 2§(tan 0, +tanf, +tanf,) < 2Htand, =d
dy<d,,  dg<d,.

AEAREKRILIRdA 5 dB, RHTAIEICEREAA, FRLUKTFEEREM, RHER.
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Water Model A Model B

/S N/

.

BEANS

(d For indicating that both d, and dp are less than d,,, with an attempt at a relevant explanation 1 point

For correctly indicating that the horizontal distance traveled decreases with increasing 1 point
refraction toward the normal

Example Response

Horizontal distances d, and dy are less than d, . The light rays for all scenarios are

entering from air. However, in models A and B, the light rays enter a medium with an index
of refraction that is greater than that of water. Therefore, the light rays bend more toward the
normal in models A and B than in the original tank. Bending more toward the normal results
in a shorter horizontal distance traveled.

Total for part (d) 2 points

Total for question 1 10 points

RIFIMTERRE: EREEEZE

FEENFREF—ERGRAFNRE. RERTOIHLHOME,; FLEENE, FEAKFHEESRN
o RENABAHARE, IMIBTHRERELSAEX, BREREL AR UE,

nprism sin ein = Nout sin gout'
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i 2022 Q1 ¢

Fluid
o

Screen

(c) The block is replaced by a triangular prism, as shown above. The path of the beam is indicated by the dotted
line, and the beam reaches the screen at point P. The fluid is then removed from the tank, and the prism is
surrounded by air. Predict whether the beam will reach the side of the tank above point P, at point P, or below
point P when the prism is surrounded by air. Support your answer using physics principles.

fi#:

AARAEERENE, NFABAEE, ETRRPEES: BRETERAE, IMNMERREEANZT
R, FEFRND. R—RAMARET, Snell ERERIMUFSIAER, HEABREEL, RIREHR
RISEET, FRLUETEP TH.

n sinf,, =n sinf,,,;-

prism outside

= Fluid: P
= Air: below P
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BA¥5

(c) For explicitly indicating that the amount of refraction at the fluid-prism interface depends on the 1 point
ratio of the indices of refraction of the materials

Scoring Note: Basing the explanation on the difference in refractive indices is acceptable.

For correctly relating a larger angle of refraction to the beam hitting the screen below point P 1 point

Example Response

The beam refracts more when the air is present because the difference between the indices of
refraction between the prism and the surrounding medium is greater. So, the beam hits the
screen below point P.

Total for part (¢) 2 points

Total for question 1 10 points

FE—&=RL: AyEELRIEE

SO T RBRCRIBEERR NRKIMUE. HRLEHT, RKREEFERIIEE, NIRAEE
ERR, U MIEREFHBRZACMANNER; NRAEN, EBLHARE. MRS5RKERF

i
o
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fBlRE 2025 Q4 A

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 pF-——————————"————————- Central Bright Band
K3
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.

fi#:

FEVEER. RIORKILAIIE; B—RhRAEKRREINERNBRIZAEREBHNRK, LR
HFBBENWNEE, URRBEIFR, HEEW), FtABERR, XIMEIRREEMCIEED
%, RNEBRLBFREEAT
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BA¥5

A For indicating one of the following: Point Al
e The claim is correct if a justification is not provided.
e An indication about the claim that is consistent with the justification provided.
For a correct comparison of one of the following: Point A2
e The wavelength of violet light is shorter than the wavelength of red light.
e The frequency of violet light is greater than the frequency of red light.

For indicating that a shorter wavelength corresponds to a shorter path length difference, = Point A3
resulting in a shorter distance between the center of Band A and the center of the central
bright band

Example Response

The claim is correct. The wavelength of violet light is shorter than that of red light. This
shorter wavelength leads to a shorter path length difference for violet light as
compared to red light. This corresponds to a shorter distance between Band A and the
central band.

£312022Q1b

Water String

Laser
Block

Screen
(10 points, suggested time 20 minutes)

Students are investigating electromagnetic wave phenomena in transparent media. They use a string to support a
stationary thin, rectangular block of mass m,, volume V), and density p,. The block has two narrow slits in its

center and is submerged in a glass tank containing water with density p, , as shown above.

(b) A monochromatic laser beam is incident perpendicular to the wall of the tank. The beam passes through the
slits in the block. An interference pattern is formed on the screen inside the tank. The water is then replaced
with a clear fluid with a greater index of refraction than that of water. In a coherent, paragraph-length
response, describe how the greater index of refraction of the new fluid affects the interference pattern. Explain
your reasoning in terms of speed, frequency, and wavelength of the light.

fi#:

HEBANRER RS/, HRESELEREERRRLT, FAGRKE/N. £EE4%E. RREE
T, FA—E=SNREEHEREHRNERK, MEREZR/), SEETR, BEZLEER/, B
HENER,



AP Physics 2 HMHFX 2022Q1b

BA¥5

(b) For correctly relating the speed of the light in the new medium to the index of refraction 1 point
For indicating that the frequency does not change 1 point
For a correct relationship between speed and wavelength 1 point
For a correct relationship between wavelength and fringe separation 1 point

For a logical, relevant, and internally consistent argument that addresses the question asked and 1 point
follows the guidelines described in the published requirements for the paragraph-length response

Example Response

The speed of light in the new fluid is less than the speed of light in water because the fluid has a
greater index of refraction. This means that the wavelength of the light in the beam will be
smaller because the frequency does not change. Since the wavelength is smaller, the angular
separation of the bright fringes will decrease, as described by the equation mA = dsiné .

Total for part (b) 5 points

WERLEER, BIESWEALER

RRZLEOR, HBRHEBREEHEAZ]L, FERRYZEHN=FENEGERRE, SEE EZESF
WS, BERRPIE, 4id. BFELELIATd, JRNVAENERRRUEYNIIZE; MERAE
Ejﬁﬁ}\z(:/fo

dsin® = m, sineztanez%, ymmw.
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% 2025 Q4 B

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 pF-—————————""="———————- Central Bright Band
K3
Slits Bright Band B

Note: Figure not drawn to scale.

B. Derive an expression for the distance between the centers of bands A and B when light of
frequency f'is 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.

fi#:

PRE|LAZTER, RABEI—FZH, BT, AL BRESHE=FRY, SFEPR, FRLUANBS
AEFREMEE _RMUE, HBROEDFNEE, FUERRRATHNIE, ANLITEH "%, BEEZ
Ko
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2025Q4B

¢ Central: 0

4AL/d

\;ﬁjﬁiﬁgﬁﬁéﬁ%. A%_ZQ&, B?g‘l'Zé&; J—.EHF":'__‘EXFE_‘—FO

MELEFMHEF. NABEETBASREYIRERER:

o C  Ym _mAL
dsinf = m), sing ~ tanf = 7 Um B~
RKAICRFRLUAR, BEMM ZRRRE T2 E:
ANL  4cL
Ay:y+2_y72:7d :7fd
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BA¥5

B Point B1
For a multistep derivation that includes d(ymT“Xj ~ mA, dsin@ = mA, AD = mA, !
AD = dsin@, AD ~ d max , dsinf = d max ,sin@ =~ Jmax_ ,
L L L
tan @ ~ (ym%) , 0~ (ym%j , an equation that is equivalent to one of the equations
listed, or a relevant equation
c Point B2
For a substitution of 7 for A
For correctly relating y,.. to the orders of bands A and B Point B3

(e.g., 2(ymax,2 - ymax,O) - 2((2};Lj)

Scoring Note: A correct, isolated, final expression earns points B2 and B3.

Example Response

d (—ynLlax j ~ ml

1=
f

Ymax | _ C
d(T) =my

_ mcL
Ymax = 7

Ay = Z(ymax,Z - ymax,O)

ves(5
_4cL

S

Ay

MR EER R EMEFIER

R —HERZ BN A NEEBY —E, EHRAXNPEUNEN—E. HRENMEER, BEEFR
REBFEZEE TR, SEaiyiaEFIEEx R,
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IR 2025 Q4 C

ZN[a) &3 2025 Q4 A. 2025 Q4 B,

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 pF-——===———————————————- Central Bright Band
4
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.

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.

fi#:

—Ho RIMEIRA, ANFHEMERBE, SWEESMEMRLL, FIERELE/N, 5 AFR “RAFY
SRR BYFIEf,
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BA¥5

C For correctly indicating that the expression derived in part B is or is not consistent with Point C1
the answer provided in part A

For a justification that includes the consistent functional dependence between the Point C2
spacing between bright bands on the screen and the frequency or wavelength of light

Example Response

My derivation in part B is consistent with my answer in part A. Violet light has a

greater frequency than red light. Because Ay = del

7d

light results in a shorter distance between bright bands.

, a greater frequency for violet
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JtF. BFSRF

RFEIE: R TRERERE

BER L LG W AR FREE F?'?'Ei‘éﬁé’&f‘ﬁ"é%, KSRRRRT S, FRUFIKAET. RARVIREE
LAFIZE, F—F; TEEEREEMASFRFARITRIFTEER.

5= 2026 Q2 A

2. Figure 1 represents the energy levels and their corresponding states for a hypothetical atom.

Figure 1
Energy State
-2E, n=3
-3E| n=>2
-5E, n=1

Part A

On Figure 1, draw arrows to represent all possible atomic transitions that could result in the
emission of a photon.

fi#:

[FRE=1MEER D5 -5E0. -3E0. -2E0, AR TEFREEMRME, FRUREMR FEk: 3—2. 21,
3—1, =MREMEERITE—FK-

—2E l n=3
-3E n=2
—5E) v n=1
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BA¥5

A For drawing at least two of the following three arrows that are between unique pairs of
discrete states:

e Between n =2 and n =13
e Between n=1and n =2
e Between =1 and n=3
Scoring Note: The directions of the arrows are not considered for earning this point.

For drawing all arrows such that each arrow is directed down

Scoring Note: If a response includes less than or more than three arrows, this point is
earned if each arrow is directed down.

For drawing arrows between three unique pairs of discrete states

Example Response

Energy State
-2E, n=3
-3E, n=2
-5E, n=1

FFIREHBERE: KREEMRK

Point A1

Point A2

Point A3

h2EMREE, NFREESMERMIELL, EENRETIMRRE K, RFLEALFHN, SXFEE

KREERBIEE, BEERANNFREZANRE TEERE, HERFEKK.
E,=hf, c=f\ B, =-.

&% 2022 Q3 d(i)

(d) Experiments show that a hydrogen atom can absorb a photon of frequency 3.2 X 10"° Hz.
p ydrog P q y

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

fi#:
HFAREH, REEFTLRREEFRIMNEK:

il

E, = (6.63x 1073 Js)(3.2 x 101 s71) = 2.12 x 10718 J.
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BA¥5

(d)(i) For a correct calculation of the energy of the photon
Example Response
E=n
E =(6.63x107* J-5)(3.2 x 10" Hz)
E=212x10"%)

ERAR TEERE. RESEENFHIKK

1 point

TMRERERZFNSRS. ESKBORITIRE, BYEERKEERCFEEE. BRAE=hfAlc=AHE

B, REEHANMRKEIE; ERMEMERN, TEFEESENNS,

hc
E7 = Einitial - Efinal7 A= ET,

5% 2026 Q2 B
ZN(a)&3E 2026 Q2 Ao

2. Figure 1 represents the energy levels and their corresponding states for a hypothetical atom.

Figure 1
Energy State
-2E, n=
-5E|, n=1

PartB

Derive an expression for the wavelength of the highest-energy photon that can be emitted from
the atom. Express your answer in terms of £, and physical constants, as appropriate. Begin
your derivation by writing a fundamental physics principle or an equation from the reference

information.

fi#:
HFREEETRFEAENES, RAEM -2E0 F£3) -5E0:

Emaz - <_2E0) - (_5EO) = 3‘EO
FFREESIMEMIELL. KEKEMEMKRLL, BRIIHFHRK:

he he

E=hf, c=f\ E=—, A, =-——.

)\ mwn 3E0
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BAIFS
B . . . . C % . Point B1
For a multistep derivation that includes £ = Af , 4 = 7, A= 7, or an equation that
is equivalent to one of the equations listed
For indicating E = % or an equivalent equation Point B2
Scoring Notes:
e Points B1 and B2 are earned if a multistep derivation begins with £ = %
e  Only point B2 is earned for a response of E = % without additional steps of a
derivation.
For one of the following expressions for the greatest energy E: Point B3
e 3F,
e An expression that is consistent with the longest arrow that is drawn between
two discrete states in Figure 1
Scoring Note: This point can be earned if a negative sign is included with the
expression for E.
For an expression for the wavelength 4 of the highest-energy photon that can be Point B4

emitted from the atom that is consistent with the expression for £ derived in point B3
1 he

(e.g., A= §E—O

Example Response

E=hf

1= <

VA
<
f_/l
_he
E_l
_he
ﬂ_E

_lhe
1_3%
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TSR BERREREL

SUCIRAI R HIESSEERURK; E=he/AMRBERKNE, % R —F . FoRR4 ERYNOMAEOHE IR
hc, BEMEXEE M EEBROEH T, LERAGEEMBZREX,

& 2026 Q2 C

The following information applies to parts C and D.

A device can emit monochromatic electromagnetic radiation. The wavelength A of the radiation
can be varied over a continuous range of wavelengths.

Part C

On Figure 2, sketch the energy E of emitted photons from the device as a function of A for
Ay < A < 4A,. Photons with wavelength A, have energy 4E,. Sketches made in the shaded
region will not be scored.

E
/
B
| | | |
| | | |
A R
| | | |
| | | |
| | | |
r— I~ —1—————r -1
| | | |
IR
N e
| | | |
| | | |
| | | |
L
| | | |
l l l l
0 : i i 1
0 /10 2/10 3/10 4/1

fi#:

ELIGENRKEEEERNEENT, N0 EEEN 480, A RS ERREENRRNETXHEES
REKBITRIR, EN:

E 4
By Ay Ao < A <4
BEIRATPE, HEMEAET, M EEHh; 5FE N0 BEEE5IT 460, i 4N0 BY5eiL E0, RERE

JEFARZX 1o
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4
3 .
S
3]
2 .
1 .
T T T T
1 2 3 4
My
BATS
C For sketching a curve such that the slope is always negative in the region 4, < 4 < 44, Point C1
For sketching a curve that is always concave up in the region 4, < 4 < 44, Point C2
For sketching a curve that matches the example response Point C3

Example Response
E

_____________

t t +—1
Ao 24y 31, 4,
BIREER: KELE L FEE I

HFRELNFTER N RITEENE, IEFFEE FTRREINEEEETILR, BOEBMCFRERERT
EXPIIR, REBERHEATF, HATERFHBHEASHX—EEE.
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% 2026 Q2 D
7<) 74 2026 Q2 A,

2. Figure 1 represents the energy levels and their corresponding states for a hypothetical atom.

Figure 1
Energy State
-2E|, n=
-3E, n=>2
-5E, n=1

The following information applies to parts C and D.

A device can emit monochromatic electromagnetic radiation. The wavelength A of the radiation
can be varied over a continuous range of wavelengths.

PartD

A student claims that, based on the energy states shown in Figure 1, the atom can emit a photon
of wavelength A, and energy 4E, like the device described in part C.

Indicate whether the claim is correct or incorrect. Briefly justify your answer by referencing
the representation in part A.

fi#:
PUERIR, SR AWKTINEEEEDFIE E0. 2E0. 3E0; &H 4E0 WAERE., HELIGE RIS EIZN
F, TMARX=NEBEEER Z BT UL EE.

BEANS

D For indicating that the claim is incorrect Point D1

For a justification that indicates that 4F, is not one of the possible energy differences Point D2
between two discrete states in the representation from part A
Example Response

Based on the energy level diagram, no difference between energy states is equal to 4E,, .
Therefore, the claim is incorrect.
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RFERTERK: St REEBKREEE

BFEERENT, EhTERKA\eSHEpHENe=h/p, BB RITFEEEEp=mVES, HK=mv?/21F
K=p?/(2m). FiBBFRKRMEE, BEREE; FREIEBFRRKERAEIFEEhC/A

@R 2024 Q1 b

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 Ao (X10™ 10 m)
1 N Metal 1 6.9
2 N Metal 2 9.4
3 fB Metal 1 No electrons ejected
4 fB Metal 2 No electrons ejected
5 fo Metal 1 5.3
6 Je Metal 2 6.3

(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.

fi#:
Trial l BB FREKRZ 6.9X1071°m, BRIEEHESTRERER, FAUTHBEFRKARDE, BR

nRE:

h h? (6.63 x 10734)2
= K, = = J ~5.07 x 1071 J.
P= maz = 932 T 2(9.11 x 10-31)(6.9 x 10-10)2 x

MABFRELN3.2eV. XEZERERTF, TREfERLFEEE hc/leo
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(b) For one of the following:

e Correctly relating electron de Broglie wavelength to a correct expression that includes
h, m,and v

e Relating kinetic energy to a correct expression that includes momentum and mass

1 point

Example Responses

For correctly substituting an algebraic expression in terms of A, for the electron speed or
momentum into a relevant equation for kinetic energy

Scoring Note: This point can be earned for substituting a numerical value for electron speed
or momentum into a relevant equation for kinetic energy.

1 point

Example Responses

(hjz
1 (hV 2
K:E’"( j OR K =-~¢1_

mi, 2m

For a correct answer with units

1 point

Example Response

K=5x10"1]

Example Solution

P mv
h

- 2mA?

2
6.63x1073%7J .5
( ) =5x107"77J

B 2(9.11x 107" kg)(6.9x 107" m)2

Scoring Note: An answer of 3 eV also earns the final point.

Total for part (b)

3 points
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FEEELIR: HiRH5BFRKHIMIRE

HFERFEAERE, £THELIN0, HREEMRNRARE. LBRRATERR, OBE; KEEF
BERTRTEE, REBFRENKE), RAMEMHMERK, FLANFIARBR, REBFHK
KABNIIER Ko

hf =&+ Kmax-

& 2024 Q1 a

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 Ap (X107 10 m)
1 N Metal 1 6.9
2 Sa Metal 2 9.4
3 fB Metal 1 No electrons ejected
4 fB Metal 2 No electrons ejected
5 Je Metal 1 5.3
6 Je Metal 2 6.3

(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.

fi#:

fB &\ fCRAR. NGIEFBIEEE hf FESARIENM, BFFRNILEREEREII ¢, RITFRARATIEE,
fB WM BEFREER &L, WEMRTHENEIE; fA. fCEBBRFRE,

h 2 2
W= b+ Ky A=l K, =L h
D

mos = 9 = g2
HE—2BS, fC HBFRKRE, RrBARE. BAMERA, FHC AT A, FEEE “BF
KBTI IR SR KT,

Jo>fa> [5
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(C))

For indicating that f is leastand f. is greatest

1 point

For correctly relating the frequency of a photon to the energy of the photon

1 point

For indicating that the kinetic energy or speed of an ejected electron is inversely related to the
de Broglie wavelength of the electron

1 point

For indicating one of the following:

e That a greater photon energy or frequency results in a greater kinetic energy for an
ejected electron

e That the lowest photon energy or frequency is below the work function or threshold
frequency which results in no ejected electron

1 point

For a logical, relevant, and internally consistent argument that addresses the required
argument or question asked, and follows the guidelines described in the published
requirements for the paragraph-length response

1 point

Example Response

An electron will be ejected if the incident photon has an energy greater than the work
function of the metal. Because no electrons were ejected using fy, the corresponding photon
energy, and, therefore, frequency must be the least. A photon with greater frequency will
result in an ejected electron with more kinetic energy, the kinetic energy of an electron is
inversely related to the de Broglie wavelength of the electron. Because the de Broglie
wavelength of electrons ejected by light of frequency f, is greater than those ejected by

light of frequency f., f, must be less than f. Therefore, f is the greatest.

Total for part (a)

5 points

ESA LR EE: RRELID

AR ASSRRNIIT, AERIENXTFREEMRR. ¢=hf-Kmax; BFRAERAN—TEE, 18
WORRERTRY, FEib&HIB. SRBEFRKILREEE, BemMEEEiR.
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il 2024 Q1 ¢

78] 7&4% 2024 Q1 a.

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 Ao (X10~ 10 m)
1 N Metal 1 6.9
2 N Metal 2 9.4
3 fB Metal 1 No electrons ejected
4 fB Metal 2 No electrons ejected
5 Je Metal 1 53
6 Je Metal 2 6.3

(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.

fi#:

EEARES FA BY Trial 1 5 Trial 2: NS$¢FREEMER], Metal 1 B FRKENRE, RATIEEEKR, &HI
FTNGCFREERRAEFEIRE, FRLERREEEFRREFTATREAEIH, FrLL:

¢1 < o
B8 fC AT ZIFXNEIL, FEEREMETHRITEZBIRE I,
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(c) For indicating that the work function of Metal 1 is less than the work function of Metal 2 1 point
with an attempt at a relevant justification

For indicating at least two of the following: 1 point

e The correct relationship between the work function and the difference between 4f and
K

max
e The frequency or energy of the incident photons is the same

e The de Broglie wavelength is inversely related to the energy of the ejected electrons

Example Response

The work function of Metal 1 is less than the work function of Metal 2. When light of the
same frequency is incident on both metals, the electron ejected by Metal 1 has a smaller

de Broglie wavelength than that of Metal 2, so an electron ejected from Metal 1 has more
kinetic energy. The work function is the difference between the photon energy and the
maximum kinetic energy. Since the photon energy is the same but the maximum kinetic
energy is larger for Metal 1, the difference between the energies, and thus the work function,
is smaller for Metal 1.

Total for part (c) 2 points

Total for question 1 10 points

FFREEREREH BT LhiREREE
FREmBEEREAmc?. BEEERE “NFREREEBIEM—IEF HRE, RF/IBREATFEES—E
FRUBRREARESBAILLR. RENEE, RERFHEUAIER; FEENTFAFRHEN, fEETE,

— 2
Erest - mec .

553 2022 Q3 d(ii)
Zsia)&dE 2022 Q3 d(i)o

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

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.

fi#:
BB FHEREER mec?, HUERLLE:

E myc? = (9.11 x 10731)(3.00 x 10%)2 J = 8.20 x 10714 J,

rest

E
T~ 259 x 107° < 1.
z X <

rest
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BN FE—TBFRREHTRRE, @R “GRBEEMI—BEF BFERHER, EERRE
BRUBEZFE, TEBRIKMIMEEHRIF.

BEANS

(d)(ii) For a correct calculation of the mass-energy of an electron 1 point

Example Response

E = mc*

E =(9.11x 107" kg)(3.00 x 10°m/s)*
E=820x10""7

For correctly indicating that the photon energy is negligible compared to the mass energy of 1 point
the electron (or an answer that is consistent with the energies calculated in part (d)(i) and

part (d)(ii))

Scoring Note: The energy comparison must be from the unit of joules to joules or the unit of
electron volts to electron volts in order for this point to be earned.

FEeRSIERAS: KBFEE

ERRBENREEREE, JFeELE. 517088, eRTBEEXN); RFS5EFRSHER, ECHEH
—RRE7. IBEEESme?/riBF, FFINEM—TRI0TT.

ke m v?

72 r

&% 2022 Q3 a

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 » about a stationary proton, as shown
above. The gravitational force between the proton and electron is negligible compared to the electrostatic force
between them.
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(a) Derive an equation for the speed v of the electron in terms of r and physical constants, as appropriate.

fi#:

RAERY, RFFLE. BFRFE r MEEEE, B35, e RREAX/), BEFS5RFZSHE

Ko BECHMRBREREN, RHEM—M “RI"

ke mv? ,  ke? ke?
5 = , Ve = , v = .
T T o7 m,r
BATS
(a) For indicating that the electrostatic force is equal to the net (centripetal) force on the electron, 1 point
with a correct expression for each
Example Response
>F = ma
Fp = Fc
qu _ my?
2 r
Scoring Note: An incorrect mass label is acceptable to earn this point.
For using the expressions for the electrostatic and net forces to determine the speed v of the 1 point
electron (responses must indicate that the mass in the expression represents the mass of the
electron and the charge in the expression represents the charge of the electron)
Example Response
ke my’
2
2
= ke
m,r
ke?
A —
m,r
Scoring Note: ¢, and ¢, are acceptable.
Total for part (a) 2 points
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RARFEEER: IEThEEMABEEE

BEREEEEFRBEEEENE, FSBEEEEFANA. 2 %%?ubﬁ‘ém%%ﬁb, BMERER
RAKRW, RNBIREVEERE, B5MREEERN, AEEERTRET, TRRENN.

ke? 1
Up=—"S", K= sme®s  B=Up+K.
T

&% 2022 Q3 b
7<) &3 2022 Q3 a.

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 » about a stationary proton, as shown
above. The gravitational force between the proton and electron is negligible compared to the electrostatic force
between them.

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

i
UERIZAEEFRBRERENE, FSRAENEEENT. BFohEER (a) BEEE
k(+e)(—e)  ke? B 5  ke?
Ug = . =- K=_-muo =5
ke?  ke? ke?
E—UE+K:—T o = " or
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EANS

(b) For a correct expression for electric potential energy, using charges consistent with charges 1 point
from part (a)

Example Response

ke
U=——
r
For a correct expression for kinetic energy of the electron, including a substitution consistent 1 point

with the expression from part (a) to eliminate speed from the equation

Example Response

2 2
K=l |ke | L1k
2 myr) 2 r

For indicating that the total energy of the atom is the sum of the electric potential energy and 1 point
the kinetic energy of the electron

Example Response

E=U+K
o k& ke
r 2r
g ke
2r

Total for part (b) 3 points

FREK: hRERASER

KENS, BEDE. NR-C/rPCRIEE, rEXFELMER), HERMER. ATEL X5&KF
IRUTHEERTT, BR—EIMENEIR “FREX" M “EEEIN" RhSHERER.
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gk 2022 Q3 ¢
7<) %4 2022 Q3 b,

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 » about a stationary proton, as shown
above. The gravitational force between the proton and electron is negligible compared to the electrostatic force
between them.

(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.

fi#:

—Ho riEREXNHEROENER), EEMNEATRAR, BEEEM, FEREIETF. TR
“DERHER” NUMFIETEEEE R, BREMNS,

BEANS

() For correctly indicating consistency between the equation in part (b) and the description with 1 point
an explanation that references the equation in part (b)

For correctly addressing functional dependence of the energy equation from part (b) to the 1 point
orbital radius of the electron

Example Response

The equation from part (b) indicates that as the radius increases, the total energy of the atom
becomes less negative, which is an increase in the total energy. This is consistent with the
given description of the atom absorbing a photon.

Total for part (¢) 2 points
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BA¥RREANE: RAFRTREEN

MBEMER NSEELERAIA, sheelEBS1/rAIELL, BEENBSFI TN MmE, RIREFIEE
R, MIENENSEERERE, RiFU=-2K. RETNEYIELAITH—EE, FREEE—FES LS8

Eo

7

5% 2022 Q3 d(iii)
Z=|a)7&3E 2022 Q3 a. 2022 Q3 b. 2022 Q3 ¢

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 » about a stationary proton, as shown
above. The gravitational force between the proton and electron is negligible compared to the electrostatic force
between them.

Before Photon After Photon
Absorbed Absorbed

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.
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fi&:

R EMERAFRZHRERMNE, UEH, BFENETKERSE; KIHE, EREKEHBRE, [
—EHBR B REF T ohaERI A —E, EIATE—M RS —EFIRIRS.

Before absorption Possible final state

Energy / K;
Energy / K;

Ur K Ug K

—TAFRIRSTE: MIEEMEEHT/), UEMAR. KIMAE; HIHEEE—RF¥R.
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BAIFS
(d)(iii) For U smaller in magnitude but still negative 1 point
For K smaller in magnitude but still positive 1 point
Example Response
Before Photon After Photon
Absorbed Absorbed
Up K Ur K
Kid-—--- |_| --------------------
0 0 H [
U[,.»H ———————————————————————
Total for part (d) 5 points
Total for question 3 12 points
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KEHE. (FESSHRK

FABRIRR LT, BEZIESHER

AR—REEENRARE, EBETREUEXNNAA— IR, ENNHRERTEMS; FEBZEBN
REMEEEE. AEELHENRE, LRSENASOXE, BREFHRR; XTHBRRER, &IE
MELE T T Eo

58 2025 Q3 Cfii)
7 ia)&dE 2025 Q3 C(i)o

C. In Experiment 2, the student is asked to determine the capacitance C of a new parallel-
plate capacitor. For each trial, the absolute value |AV | of the potential difference across the
capacitor is varied and the charge g stored on one plate of the fully charged capacitor is
measured. Table 1 contains the data collected.

Table 1
AV (V) | ¢ (x1070 C)
3.0 2.4
5.0 4.2
7.2 5.6
8.0 6.6
10.0 8.0
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ii. On the grid provided, create a graph of the quantities indicated in part C (i).
* Use Table 2 to record the measured or calculated quantities that you will plot.
* C(Clearly label the axes, including units as appropriate.

* Plot the points you recorded in Table 2.

fi#:
Ci)REXRERS; EHMHIZ 100°CHRE, AaH (3.0,24). (5.04.2). (7.2,5.6). (8.0,6.6).
(10.0,8.0), FREHEAISEEZIE, BAUTEHME,
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8 1 °
[
6 .
. o
O
=2
o 4- ®
Z
o
[ )
2 .
0 T T T T
4 6 8 10
|AV] (V)
AN RIBLRANR, BEREINELE.
BEAITS

(ii) For labeling the axes (including units) with a linear scale

For correctly plotting the data points, consistent with one of the following:

e The quantities indicated in part C (i)
e The quantities provided in the table
e The axes indicated in point C2

164

Point C2
Point C3



AP Physics 2

MY 2024 Q2 c(ii)

#:3] 2024 Q2 c(ii)

Zja)&dE 2024 Q2 c(i)o
Chamber
Gas Molecule
AN \. o ° PS
PY [ )
(]
( ] P [ ] ° |
j‘ ° Container @ S
Heater ® I @ Cnsors
P n
° < ) °
Material \Iii\quid

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.

0 (]
7o (K) T (K) £ [—]
295 295 0.0
371 303 26.3
425 308 431
475 313 60.0
528 323 75.0
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200

150

; REEER.

T

Y

100
T —T1 (K)
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AP Physics 2

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.

ffoRZ (0,0). (68,26.3). (117,43.1). (162,60.0). (205,75.0), fFlant&EsdHAE 0—220 K, Z\iHFA

T
0—80W, HSZIE, Fimt

e
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(c)(ii) For labeling the axes correctly (including units) with a linear scale such that the data fill 1 point
half the area of the graph

For plotting the data points correctly 1 point
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#:>] 2026 Q3 C(ii)

Zjm] #dE 2026 Q3 Cfi)o
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 Q = + 6.4 X 107" 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
R B
~
m, Q ° \Q\ ° °
\
\
° ° \\ ° °
<—r—>:
° ° /’ ° °
/
/
/
° _® ° °
//
° ° ° °

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(T) | r(m)
0.04 1.8
0.06 1.2
0.14 0.5
0.16 0.4
0.20 0.3

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.
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Quantity (units, if appropriate)

Quantity (units, if appropriate)

E58, B2,

C(ii) &= (25.0,1.8). (16.67,1.2). (7.143,0.5). (6.250,0.4). (5.000,0.3), #EFEHEBHEIENIGOR
T

E, %

15 20

1/B (T71)

10

1.75 1

1.50 A

1.25 1

g 1.00 -
I

—_

0.75 A

0.50 A

0.25 A1

0.00

Vo

Yl

Hiip e BREIER, BSR—1THZECRLS
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BA¥5

(ii) For labeling both axes with a linear scale Point C2

For correctly plotting points that are consistent with the quantities labeled in point C1 Point C3

R HiEES. ERENEES

KRRBIRE, FURRBZER, BFAERFIGI R, —FELGNARMERBNSHES, &R
BELTRNAESE,; BFIFRESRVEERER, MMIMERERTRR. ZERMNERBEEXRZMUSGE L
AR EEBOZRT AT Ro

5% 2025 Q3 C(iii)
Zx|a) &dE 2025 Q3 C(i). 2025 Q3 C(ii)o

C. In Experiment 2, the student is asked to determine the capacitance C of a new parallel-
plate capacitor. For each trial, the absolute value |AV| of the potential difference across the
capacitor is varied and the charge g stored on one plate of the fully charged capacitor is
measured. Table 1 contains the data collected.

Table 1
AV (V) | ¢ (x107 C)
3.0 2.4
5.0 4.2
7.2 5.6
8.0 6.6
10.0 8.0

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

fi#e:
Cliii) B—RE&AXRT2AMEE, FNEERLZ,
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8 - ® Data
—— Best-fit line

O
E
- 4.

2 T T T T T T T T

3 4 5 6 7 8 9 10
AV (V)

APRIEBIERMRENEES; MESBEUREK107°C

BA ¥

(iii) For drawing a line or curve that approximates the trend of the plotted data

Example Response

(=10 C)
120 —

10.0 ————————11 IEEESEEEEEENEEEEN

B8O -1 ./

6.0 o

4.0 4+ P !

0 ' pr|ov)
o 2.0 4.0 6.0 8.0 10,0 120

Point C4
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HMENX 2024 Q2 c(iii)

#:>] 2024 Q2 c(iii)
Z=1a)7&4E 2024 Q2 c(i). 2024 Q2 c(ii)o

Chamber
Gas Molecule\

[ ) ]
(]

( ] P [ ] ® |

5‘ ° Container @
Heater ° | Sensors

. | -

® < ° °
Material \Iii\quid

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.

0 (]
7o (K) T (K) ¢ [—]
295 295 0.0
371 303 26.3
425 308 431
475 313 60.0
528 323 75.0

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

fi#e:

BEMEL4RTEMRNEEED, FREEARNNREEABIYE; FRIRRENTL. BEhER4

MEIAER:

Q/At ~ (0.3651 W/K)(T; —Ty) + 0.5784 W.

172



HMHF X 2024 Q2 c(iii)

1 point

4 points

Total for part (c)

AP Physics 2
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#>] 2026 Q3 C(iii)
Zsa)7&4%E 2026 Q3 C(i)« 2026 Q3 Cfii)o

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 Q = + 6.4 X 107" c.

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

uniform magnetic field of variable magnitude B

Figure 2

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(T) | r(m)
0.04 1.8
0.06 1.2
0.14 0.5
0.16 0.4
0.20 0.3

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

fi#:
C(iil) BR R E2HFEENREME RS,
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Best-fit line

® Data

20

15

1/B (T71)

10

0.5 A

ARSRENEGL.

[On
S
<

FREMEIHEMNE

BA¥5

Point C4

see

(iii) For drawing a line or curve that approximates the trend of the plotted data

Example Response

1/B (1/T)
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BITEREM,. HaS5iE

RIE B0 3SE AR E R, ERMiNG. AAER/NHEXEMIFRIER: BHAE CH—RI2RE
%, ZYREFMBL, BE—ITR. R, KEERAEEE%, NESRELIMNEENELR; HEX
BARHEMBARHLFBM.,

%% 2023 Q2 biii)
Zsja) 3% 2023 Q2 b(ii)o

The students conduct a different experiment to determine the emf £ of a battery that is not ideal and has internal
resistance r = 30 Q. The battery is connected to a variable resistor in a circuit, as shown. The students measure the
current / through the circuit for different values of resistance R, of the variable resistor that is connected to the
battery. The following table contains the data collected.

1(A) | Ry (@)
0.087 200
0.060 300
0.042 450
0.027 700
0.016 1200
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0.004

0.003

1/(r+Ryar) (Q7")
177

0.002

0.001

iii. Plot the data points for the quantities indicated in part (b)(ii) on the following graph. Clearly scale and

label all axes, including units. Draw a straight line that best represents the data.
You may use the blank columns in the table for any quantities you graph other than the given data.
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(b)(iii) For including numerical values on both axes with a linear scale and labeling the axes with 1 point
appropriate labels and units

For a graph in which data are plotted within at least half of the grid area 1 point
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1 point

For drawing a best-fit line that approximates the trend of the data

Example Responses

I(A)

d-Lbd l b d L L L L d L Ll

0.003 0.004 0.005 0.006

0.002

0.001
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In another experiment, the students have a capacitor with unknown capacitance Cy;. They want to determine Cyy

by using a battery of potential difference 4.5 V and several other capacitors of known capacitance. They create

circuits with the battery, the unknown capacitor, and one of the capacitors of known capacitance. The students

wait until the capacitors are fully charged and then record the potential difference AVj o, across the known

capacitor and the potential difference AV{; across the unknown capacitor. Their data are shown in the table on the

following page.
Known

Capacitance of AViown (V) AV (V)

Capacitors (uF)
200 0.91 3.53
300 0.65 3.74
400 0.51 3.95
500 0.42 4.06
600 0.36 4.17

ii. Label the axes below and provide an appropriate scale with units. Plot the data points for the quantities

indicated in part (c)(i) on the axes and draw a best-fit line.

T T 1 T T T T T 1 T T T T T T

| | [ 1 | | | 1 [ 1 | | | | |
T A

| 1 [ 1 | 1 | 1 [ 1 | | | | |
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fi&:

£ (3.53,182). (3.74,195). (3.95,204). (4.06,210). (4.17,216), t~EMEENL, FAYSOZIEFEEIE
EREH, BELREKEBES,

® Data
220 4 —— Best-fit line

3.4 3.6 3.8 4.0 4.2 4.4
AVy (V)

RANBENEBEA—-BEEE; ENERREERER.
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BA¥5

(c)(ii) For labeling the axes and including appropriate units consistent with Part (c)(i) 1 point

For correctly plotting points (with valid scaling consistent with units) so that the plotted 1 point
points cover at least half of the grid’s width and height

For drawing an appropriate linear best-fit line 1 point

Example Response
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WELFIR: THIER, BRSK

RSN LA TEFELITIEE, WENSEZ LR MIERZNR. EARMTA, ARFEZEHN
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Qo AEMNKARHBEEITSE, BRAKENSEN, FREEIELAMENEIESR,

Yo — Y
s=22 71
Lo — Ty

182



AP Physics 2 MY 2025Q3D

%A 2025 Q3 D
Zsa)7&4%E 2025 Q3 C(i)« 2025 Q3 C(ii). 2025 Q3 Cfiii)o

C. In Experiment 2, the student is asked to determine the capacitance C of a new parallel-
plate capacitor. For each trial, the absolute value |AV| of the potential difference across the
capacitor is varied and the charge ¢ stored on one plate of the fully charged capacitor is
measured. Table 1 contains the data collected.

Table 1
AV (V) | ¢ (x1070 C)
3.0 24
5.0 4.2
7.2 5.6
8.0 6.6
10.0 8.0

D. Using the best-fit line that you drew in part C (iii), calculate an experimental value for
capacitance C.

fi#:

B iINEGRIELM 0.7950 MBI SR, FIMIEXFINGL EIEBEE3.0. 9.0V, BEAN
2.466. 7.236X10°1°C:

Ag  (7.236 —2.466) x 107'° C
AAV) ™ (9.0-3.0)V
FLRREMPSTLLHL 8.0X107! FEAHFEE, REMAPMELLERIMRIZR; FTRFRIENMN
10719, WARRERIE—1REIBREY g/AV,

= ~7.95 x 10711 F.
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EANS

D For correctly relating the slope of the straight line graph to ¢ = C|AV| or a correct Point D1
equation that is consistent with an appropriate graph that can be used to determine C

(e.g., = slope = C)

Agq
A|AV|
Example Responses

The slope of q as a function of |AV| is C.

The slope of |AV| as a function of q is % .

1

The slope ofé as a function of ﬁ is ok

The slope of ﬁ as a function of é is C.

For a value for C that is approximately equal to 8 x 107" F, within the range Point D2
Tx10"F<C<9x107'F

Scoring Notes:
e If the slope of the plotted data points is equal to the quantity that is supposed to
be determined, a correct, isolated final value earns points D1 and D2.
e If the slope of the plotted data points is not equal to the quantity that is
supposed to be determined, a correct, isolated final value earns point D2 only.

Example Response

Ag

slope = W

slope = C
C~8x107'F
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#2024 Q2d

A AGE 2024 Q2 c(i). 2024 Q2 c(ii). 2024 Q2 cliii)o
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Material \Iii\quid

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.

0 (]

7o (K) 7 (K) ¢ [—]
295 295 0.0
371 303 26.3
425 308 43.1
475 313 60.0
528 323 75.0

(d) Using the best-fit line, calculate an experimental value for k.

fi#:

BESRERET KA/L, RZE k. FARLEE 0.01 m. EFR0.06 m? fEiH:

k=

sL _(0.3651 W/K)(0.01 m)

i

REKR kG *.

0.06 m?
FLLEAFEIHRE 0.06 W/(m - K) E, MMEBSEHHNZERMUIERKFIER, NEIERIR A TS

185
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BUmiENX 2024 Q2d

BAIFS
(d) For correctly relating the slope of the straight line of the graph to the equation 1 point
O _ kAAT
At L

Example Response

slope = k4
L

For calculating an experimental value for k that is approximately equal to 0.06

J 1 point
s-K-m

Example Response

_ ]
k=006 ——

Example Solution

Ay
lope = =2
slope

(3

A(AT)

)

AT, — AT,

slope =

slope =

(80 — 44)%
(220 - 120)K
J

1 =036—
slope K

slope =

k= %(slope)

0.01m J
k= (0.36 )
0.06 m? s-K
B J
k=006——

Total for part (d) 2 points
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#2026 Q3D

Zsa)7&4%E 2026 Q3 C(i)« 2026 Q3 C(ii). 2026 Q3 C(iii)o

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 Q = + 6.4 X 107" 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
R B
~
m, Q ° \Q\ ° °
\
\
° ° \\ ° °
<—r—>:
° ° /’ ° °
/
/
/
° _® ° °
//
° ° ° °

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(T) | r(m)
0.04 1.8
0.06 1.2
0.14 0.5
0.16 0.4
0.20 0.3

PartD

Calculate m from the best-fit line drawn on the grid.
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i

B milEaRI=ELY 0.07463 m « T, HlUNTEZZ& EEUE4 AR 10.0. 20.0 71, A[IEF1E£Y 0.6899.
1.4361 m, &ZF£90.07462m * T,

HmiENX 2026 Q3D

5Q _ (0.07463mT)(6.4 x 10" C)
vy 3.0 x 106 m/s

RERBEARGTA, BRAN. FEISGEFLENPSELBHIRERREZER,

~ 1.59 x 10726 kg.
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D For correctly relating the slope of the straight line of the graph to an appropriate Point D1
equation that is consistent with an appropriate graph that can be used to calculate m

(e.g., (%) = slope = ﬁrl))

Examples of acceptable responses may include the following:

1
o The slope of r as a function off is equal to % .

|
The slope ofE as a function of r is equal to &
my

1
The slope of B as a function of v is equal to ™o

0

1
The slope of . as a function of B is equal to 0 .
mVO

For a value for m that is within the range 1.0 x 10726 kg <m <1.8x 10726 kg Point D2

Scoring Notes:

e A correct, isolated final value earns points D1 and D2 if the slope of the plotted
data points is equal to the quantity that is supposed to be determined.

e A correct, isolated final value earns only point D2 if the slope of the plotted
data points is not equal to the quantity that is supposed to be determined.

Example Response

Ar (1.4m) - (0.7 m)
slope = = — —
A(_) (19577") - (100T7")
B
A 74x102m-T

(3]

ZFC = ma,

2

\

B = mY—
Ov m—

Ar my,

slope
m = v()p )
o (645 1072 C)(7.4x102 m-T)
3.0 x10° m/s
m~1.6x1072% kg

189



AP Physics 2

#MEX 2023 Q2 b(iv)

#:>] 2023 Q2 b(iv)

Z=(a)7&4E 2023 Q2 b(ii). 2023 Q2 b(iii).

__________

The students conduct a different experiment to determine the emf £ of a battery that is not ideal and has internal

resistance r = 30 Q. The battery is connected to a variable resistor in a circuit, as shown. The students measure the

current / through the circuit for different values of resistance R, of the variable resistor that is connected to the

battery. The following table contains the data collected.

1(A) | Ry (@)
0.087 200
0.060 300
0.042 450
0.027 700
0.016 1200

iv. Using the graph from part (b)(iii), determine the emf £ of the battery.

fi#:

BIANEE IS L EBESFR 0.001. 0.004 Q1, XAZEAREY 0.01976. 0.07990 A:

. 0.07990 — 0.01976

C= At Ry

AQ~20.0V.

0.004 — 0.001

RERAA - QE Vo WATEIMBERIREEE Rvar 3 |, FANHMEREKEBEIYE, BHHismERE—

o
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AP Physics 2 MY 2023 Q2 b(iv)
EANS

(b)(iv) For correctly using the graph to determine an experimental value for emf ¢, including 1 point
correct units, between 18.0V and 22.0V

Example Solutions

I as a function of _ 1
r+ R,
e-Ir-IR,, =0
e—I(r+R,)=0

I(r+Ry)=¢

I
[=¢|—s—
g(r+Rvarj

QY
30Q+R,

Slope = ¢

&y _
2 -
(0.08 A —0.04 A)

(0.004 Q' -0.002 Q’l) =
£~20V

g

OR

IR, as a function of /

Iy
e-Ir—IR, =0
e—1Ir=1IR,
IR, =-Ir+¢
y-intercept = ¢
e~20V

Total for part (b) 6 points
Total for question 2 12 points
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HMENX 2022 Q2 c(iii)

#:>] 2022 Q2 c(iii)

Z=1a)7&4E 2022 Q2 c(i). 2022 Q2 c(ii)o

In another experiment, the students have a capacitor with unknown capacitance Cy;. They want to determine Cyy
by using a battery of potential difference 4.5 V and several other capacitors of known capacitance. They create
circuits with the battery, the unknown capacitor, and one of the capacitors of known capacitance. The students
wait until the capacitors are fully charged and then record the potential difference AVj o, across the known
capacitor and the potential difference AV{; across the unknown capacitor. Their data are shown in the table on the

following page.
Known

Capacitance of AVknown (V) AVy (V)

Capacitors (uF)
200 0.91 3.53
300 0.65 3.74
400 0.51 3.95
500 0.42 4.06
600 0.36 4.17

iii. Using your best-fit line, determine the capacitance of capacitor Cy;.

fi#d:

B IAE 4R ZLY 51.9 uC/V, EixLk EEY (3.60 V,186.35 uC). (4.10V,212.30 uC):

U=

_212.30 — 186.35

4.10 — 3.60

nC/Va~51.9pF =5.19 x 107 F.

FLRARLIFEIBARRER 51 uF NE. MBS ENR, MARERS S —FRflLxEE

[Eo

192



AP Physics 2

HMENX 2022 Q2 c(iii)

BA¥5

(c)(iii) For using points on the best-fit line to calculate the slope of the line

1 point

For correctly determining the capacitance from the slope of the line

1 point

Example Response
Capacitance is equal to slope
212 pC —190 pC

T 410V -=-3.67V
Cy =51.2 uF

Cy

Total for part (¢) 6 points
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Total for question 2 12 points
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