AP Physics 1 and 2 Free-Response Question Bank

Phase 1 edition (cumulative)

Current course content in the 2015-2019 free-response style, with scoring guidelines

45 AP Physics 1 FRQs and 31 AP Physics 2 FRQs, sorted by topic

Check the timestamp

This file is revised and reposted often. The date and time it was built
are printed at the bottom left of every page.

This copy: 2026-10-03 00:05 New York time

Compare it with the timestamp on the copy currently posted at davidliao.com before you rely
on a page, and when you compare printouts.
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Do not use these questions on tests. They are public, so students may have seen or memorized them. Use
them for practice. To make similar questions for a test, use the prompt for Claude on the next pages.

To the extent possible under law, the author(s) have waived all copyright and related or neighboring rights to this practice test. CCO
1.0 Universal: https://creativecommons.org/publicdomain/zero/1.0/. Prepared with assistance from Claude, an AI model made by

Anthropic.

Directions for students. Show your work for each part in the space provided after that part. Answer exactly
the question asked. Where a part asks you to explain or justify, an answer with no reasoning earns no credit,
and a part that asks for a paragraph-length response is scored partly on whether the paragraph is logical and
free of incorrect or irrelevant statements. Express algebraic answers in terms of the quantities named in the
. . 2 2 . .
part and physical constants, as appropriate. Use ¢ = 9.8 m/s” or g = 10 m/s” unless a question says otherwise.

Point values follow the 2015-2019 exams: AP Physics 1 used 7- and 12-point questions; AP Physics 2 used
10- and 12-point questions.
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Writing your own questions with Claude

Questions in this bank are public, so do not use them on tests. To write new questions of similar quality, paste
everything between BEGIN PROMPT and END PROMPT into Claude (claude.ai; turn on web search so it can
read the College Board documents), then add one line at the end, for example: Write one 12-point AP Physics 1
question on rotational dynamics, using DID-WHA? and WEE-Y/D. Review what comes back before you use it.
The problem-type templates and the explanation structure below are adapted from the author’s handouts T.0.4
and T.1.

— BEGIN PROMPT (copy from here) —

ROLE AND FIRST STEPS. You are writing free-response questions (FRQs) for AP Physics 1 or AP Physics 2, with
scoring guidelines, for a teacher. Before writing, read the College Board’s current Course and Exam Description (CED) for
the course and the released 2015-2019 FRQs and scoring guidelines. Use the CED for content and the 2015-2019 exams for
style. Model the reformed-physics tradition that shaped these courses (Etkina’s Investigative Science Learning Environment,
Knight’s College Physics, AMTA Modeling Instruction), not 1990s textbook problems (Giancoli, Cutnell and Johnson). If
you cannot read the CED, say so and follow this specification.

LANGUAGE OF THE COURSE (use it exactly; never let it slip). (1) Conserved does not mean constant. A
conserved quantity (energy, momentum, angular momentum, charge) is never created or destroyed; the quantity belonging
to a system can change, but every change is accounted for by exchange with the surroundings across the system boundary.
Energy of a system changes only by work done on it by external forces (and by heating); its momentum changes only by
external impulse; its angular momentum changes only by external angular impulse. A quantity is constant for a system only
when that exchange is zero. Never write “momentum is conserved, so it is constant” without naming the system and the
reason the exchange is zero; never write “energy is not conserved” when you mean that the mechanical energy of a chosen
system changed.

(2) Always name the system. Potential energy belongs to a system of interacting objects (the ball-Earth system), not to
one object. Whether work done by gravity appears as work or as a change in potential energy depends on whether Earth is
in the system.

(3) A force is an interaction: write “the force exerted on A by B”. Free-body (force) diagrams show only forces exerted on
the chosen object or system, each drawn from the object, with no net-force arrow and no “centripetal force” or “centrifugal
force” as an extra force.

(4) Use representations as reasoning tools: force diagrams, energy bar charts (initial energy of the system, plus energy
transferred in by work or heating, equals final energy) and momentum bar charts, motion diagrams, graphs, field and ray
diagrams. Ask students to draw them and to use them.

(5) Reason about how a quantity changes (increases, decreases, stays the same, and why) before writing equations, and
connect the words to the mathematics later.

EXAM STRUCTURE. AP Physics 1: 7-point (about 13 minutes) and 12-point (about 25 minutes) questions. AP Physics
2: 10-point (about 20 minutes) and 12-point (about 25 minutes) questions. Choose the size by the working time a prepared
student needs, not by the number of rubric lines. A paragraph-length part (“In a clear, coherent, paragraph-length response
that incorporates physics principles, explain ...”) appears only in a 7-point AP Physics 1 question or a 10-point AP Physics
2 question, at most one per question; a 7-point question may be a single paragraph-length response (PLR). Longer questions
use modest-length explanation parts instead. Combine about two templates (below) for a 7-point question and two or three
for a 12-point question; repetition is allowed. Descriptions must be dense, full sentences that create real cognitive load.

PROBLEM-TYPE TEMPLATES.

BOLD (calculate or draw): draw a force diagram, energy bar chart, or graph; determine a quantity by writing fundamental
relationships, substituting, and solving; or graph a derived expression.

DID-CABp (compare features of A and B): two similar situations A and B; “Is [feature] of A greater than, less than, or the
same as [feature| of B? Briefly justify.”

DID-CABYy (find the feature that explains a difference): “Why is [feature] of A greater than that of B? Explain.”

DID-EMS (does the equation make sense?): give a proposed equation; students test how each variable changes the result,
check limiting cases, and compare with their own earlier reasoning.

DID-RIO (rank interrelated objects): several connected objects (for example circuit elements); rank by a quantity, using =
for ties, and justify.

DID-WHA? (what will happen after ...7?): “If [change], will [quantity] increase, decrease, or stay the same? Justify.”

WEE-Y/D (without equations, explain why or determine): first explain in words how changing X affects Y; then derive Y
algebraically; then identify the equation in the derivation that supports the verbal argument and explain why (not just the
final expression).
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WEE-HOW (explain how to calculate): instructions another student could follow, naming the principle used at each key
step.

TOM-CR (critique reasoning): quote a student’s claim and reasoning; students identify a correct feature and an incorrect
feature with reasons, derive the relevant result, and show how their derivation expresses the correct feature and corrects the
incorrect one.

TOM-VIOL (construct a violation): students draw a graph or data table that behaves plausibly in one regime but violates
a named physics principle in another, and explain which feature violates it.

MXB (linearize data): give a data table; students choose quantities to graph that give a straight line, explain why (match
their derived equation to y = mx + b), plot with a best-fit line, and get the desired value from the slope or intercept.
PEA-VAL (design an experiment to obtain a value): from listed equipment, a procedure another student could follow (what
to measure, with which instrument, in what order), the analysis (often a linearized graph), which measurement’s uncertainty
matters more and why, and how a stated assumption failing would bias the result.

PEA-BOOLEAN (design an experiment to test a yes/no proposition): procedure, plus what the data would show if the
answer were yes and what they would show if it were no.

PLR (paragraph-length response): one coherent argument, scored on reasoning components and on being logical and com-
plete.

HOW AN EXPLANATION IS BUILT (what the scoring guideline should look for): Relationship (the principle, named
or stated, for a named system); then what is the same in the two cases and why; then what is different and why; then so
what (the conclusion that follows). Each link uses “because”. For conservation laws, name the system, state what is shared
or converted, and say why the exchange with the surroundings is zero or what it is.

SCORING RULES.

(1) A brief part with selection blanks (greater/less/same, yes/no, a ranking) and a brief explanation is worth exactly 1 point:
no credit without the correct selection, and with it, the point requires a correct explanation, not a good-faith attempt.

(2) A paragraph-length part with selection blanks above it awards nothing for the blanks; its points are reasoning components
plus a final point for a response that is logical, follows from start to finish, and contains no incorrect statements.

(3) Treat every response with a rebuttable presumption of ignorance: a point needs evidence that leaves no reasonable doubt
the student knows and applied the idea. No points for vocabulary, a bare conclusion, or an equation written without saying
what its terms mean in the situation. Make points “fat” (an integrated chain of reasoning), as on the 2015-2018 exams.
(4) Accept every valid method, and never require a relationship that is optional in the course (for example the area under
an electric field—distance graph, or calculus); you may accept it.

(5) Give an example response for each explanation part, a note on how to score consistency with an earlier wrong answer,
and at least one “trap”: the most likely wrong idea, stated in a student’s words.

DESIGN RULES.

(1) Before writing any wording, record: the governing relationship, the other relationships needed, the case that the question
turns on (for example one snapshot versus two snapshots, on the verge of slipping, a system boundary that includes or
excludes Earth), the object model (the physical setup), the representations, the templates, and the trap.

(2) No later part may give away an earlier part’s answer, and no figure may give away an answer. Read the finished question
as a student would to check.

(3) Data tables come from a model plus small realistic scatter, with stated uncertainties when students must judge consistency.
Students may use g = 9.8 or 10 m/s.

(4) Check every number with code, including units and significant figures.
(5) Figures are grayscale and accurate; perspective drawings of three-dimensional objects must be geometrically correct.

PROCESS. Write the record from Design rule 1, then the question, then the scoring guideline. Then solve the question
yourself as a strong student who has not seen the guideline, writing out every part, and compare part by part with the
guideline. Fix every disagreement, ambiguity, give-away, or unfair point, and report what you changed.

— END PROMPT —
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AP Physics 1: Contents

Each cell lists the questions in that chapter that use that format, with page numbers. A question can appear in more than one column, so the format
totals add up to more than the number of questions. The Total column counts the questions in each chapter. Question 3.2 is the second question in chapter 3.
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1 One-dimensional kinematics 3 | 1.1(6), 1.1(6), 1.1(6), 1.1(6) 1.2(9),
1.2(9)  1.2(9), 1.2(9) 1.3 (10)
1.3(10)
2 Vectors and two-dimensional | 2 | 2.2(12) 2.2(12) 2.1(11) 2.2(12) 2.1(11)
kinematics
3 Forces and Newton’s laws 11 | 3.1(13), 3.1(13), 3.9(27) 3.6 (20) 3.2(14), 3.5(18), 3.3(16), 3.4(17), 3.6(20),
3.2(14),  3.3(16), 3.6(20)  3.10(28) 3.8(25), 3.7(23)  3.7(23)
3.5(18),  3.8(25), 3.9(27),
3.6(20),  3.11(29) 3.10 (28),
3.8(25) 3.11(29)
4 Circular motion and gravitation 2 | 4.1(31) 4.1(31) 4.1(31) 4.2 (32) 2(32)
5 Impulse and momentum 4 | 5.2(36) 5.3(37) 5.3 (37), 5.2(36), 5.1(34) 5.1(34)
5.4(38) 5.3 (37),
5.4(38)
6 Center of mass 2 |6.1(39) 6.2 (40) 6.1(39) 6.2 (40) 6.2 (40)
7 Work and energy 5 | 7.2(43), 7.1(42), 7.2 (43) 7.2 (43) 7.2 (43) 7.1(42),
7.3(46),  7.3(46), 7.4 (48),
7.5(49)  7.4(48), 7.5 (49)
7.5 (49)
8a Rotational statics 2 | 8a.2(52) 8a.2(52) 8a.2(52) 8a.1(51)
8b Rotational dynamics and angu- | 4 | 8b.1(54), 8b.3(57), 8b.1(54) 8b.2 (55), 8b.2(55) 8b.1 (54),
lar momentum 8b.2(55), 8b.4(59) 8b.4 (59) 8b.3 (57)
8b.3 (57),
8b.4 (59)
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10 Simple harmonic motion 4 | 10.1(62), 10.2 (63), 10.1(62) 10.2(63), 10.2(63),

10.3 (64), 10.4 (66) 10.3(64) 10.3(64),

10.4 (66) 10.4 (66)
11a Fluid statics 2 | 11a.1(68) 11a.2(69) 11a.1(68) 11a.1(68),

11a.2 (69)

11b Fluid flow 2 | 11b.2(71) 11b.1(70) 11b.2(71) 11b.1 (70) 11b.2 (71)
11c Fluids: statics and flow com- | 2 | 11c.1(73), 11e.1(73) 11c.2 (74)
bined 11c.2(74)
Total 45 | 26 17 2 9 6 10 7 24 5 6

Formats. Calculate or draw: derive, calculate, or draw a diagram or graph. Compare two cases: say which of two situations has more of something, and why. Rank:
order several related objects. Predict a change: say what happens to a quantity after something is changed. Ezplain without equations: reason in words first, then
connect the words to a derivation. Critique a student: find what is right and wrong in a student’s argument. Does it make sense?: test an equation or a graph against
physics principles. Paragraph response: a clear, coherent, paragraph-length explanation. Design an experiment: write a procedure to measure a value or test a claim.

Analyze data: graph data, often after choosing quantities that make a straight line, and use the slope or intercept.
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AP Physics 1 Chapter 1: One-dimensional kinematics

1.1. (12 points, suggested time 25 minutes) A toy car is programmed to travel in the +z direction
in two phases of motion. In the first phase, the car travels with constant velocity vy for a time duration
Aty. In the second phase, the toy car continues to travel, but now with constant nonzero acceleration.
At the end of the second phase of motion, which lasts for a time duration Ats, the toy car reaches a final
velocity ve that is greater than v;. In a set of experimental trials, time durations At; and Aty are varied
while total time Atror = At1 + Aty and velocities v; and vy are held constant.

a i. Suppose the duration Aty is much greater than the duration Aty. Estimate the x-displacemen

i. S the duration At i h ter than the duration Ats. Estimate the z-displ t
through which the car travels during the experiment. Express your answer in terms of vy, vs,
Atror, and fundamental constants, as appropriate.

Briefly explain your reasoning without deriving or manipulating equations.

ii. Now suppose the duration Aty is much less than the duration Ats. Estimate the xz-displacement
through which the car travels during the experiment. Express your answer in terms of vy, vg,
Atror, and fundamental constants, as appropriate.

Briefly explain your reasoning without deriving or manipulating equations.

(b) Now suppose neither time duration A¢; nor time duration Aty is much greater than the other, but
that they are not necessarily equal. On the axes below, draw a velocity vs. time graph for the car.
Label the axes and the values of times and velocities at the beginning and end of each phase of
motion.
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(¢) Derive an equation for the z-displacement through which the car travels during the experiment
in terms of vy, ve, At1, AtroT, and fundamental constants, as appropriate. If you need to draw
anything other than what you have shown in part (b) to assist in your solution, use the space below.
Do NOT add anything to the figure in part (b).

(d) Consider the scenario from part (a)(ii), where the duration Aty is much less than the duration Ats.
Does your equation for the z-displacement of the car from part (c) agree with your reasoning in
part (a)(ii)?

Yes No

Briefly explain your reasoning by addressing why, according to your equation, the z-displacement
becomes (or approaches) a certain value when At is much less than Ats.
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(e) In one trial, the car travels through an overall displacement Az, and the acceleration of the car
during the second phase of motion is a;. In a second trial, the car travels through the same overall
displacement Az through the same total time AttoT and achieves the same final velocity ve, but
starts out with a slightly greater initial velocity vy (still less than vy). The acceleration of the car
during the second phase of motion during the second trial is a;;. How do the two accelerations ag
and ay; compare to each other?

____ar>aq ___ar=aj _ar<an

Briefly explain your reasoning. You may use a diagram or diagrams to support your explanation.

(f) For a trial in which the car travels through overall displacement Az in total time Atror, starting
with velocity v; and ending with velocity vq, derive an expression for the acceleration a of the
car during the second phase of motion. Express your answer in terms of Az, vy, ve, AttoT, and
fundamental constants, as appropriate.
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1.2. (7 points, suggested time 13 minutes) A car is moving in the 4+ direction along a straight
highway at speed v. At time t = 0, the driver applies the brakes so that the car slows down with constant
acceleration until the car comes to rest. Let time t;/, denote the time at which the car’s speed has
decreased to half its original value, and let tgTrop denote the time at which the car is just then coming
to rest.

a) Is the car’s z-displacement from time t; /5 to time tgpop greater than, less than, or the same as its
/
z-displacement from time ¢ = 0 to time ¢ 57

Greater than Less than The same as

In a clear, coherent, paragraph-length response that does not derive or manipulate equations,
explain your reasoning.

(b) On the axes below, sketch a graph of the car’s velocity v, as a function of time ¢ from ¢ = 0 until
the car stops. Label the velocities v and v/2 on the vertical axis and the times t; /2 and tsTop on
the horizontal axis.

(c) Derive the ratio of the car’s z-displacement from time ¢; /2 to time tgrop to the car’s z-displacement
from time ¢ = 0 to time ¢y 5.
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1.3. (7 points, suggested time 13 minutes) Let the +z direction point along a straight racetrack
from the start line (x = 0) to the finish line. At the start of a race, Car A and Car B are stopped at the
start line. Each car almost immediately gets up to speed and then continues to move at constant velocity
through the end of the race, which happens when Car A crosses the finish line first.

(a) Is Car A’s average z-velocity during the race greater than, less than, or the same as Car B’s average
z-velocity during the race?

Greater than Less than The same as

In a clear, coherent, paragraph-length response that incorporates physics principles, explain your
reasoning.

(b) On the axes below, sketch graphs of position x as a function of time ¢ for both cars during the race.
Label each graph with the car’s letter, and label the position zr of the finish line and the time
tenp at which the race ends.
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AP Physics 1 Chapter 2: Vectors and two-dimensional kinematics

2.1. (7 points, suggested time 13 minutes) A cannonball is launched in a slanted direction (partially
upward and partially sideways) from the edge of a cliff above the ocean below. Air resistance is negligible.

(a) If the launch speed is doubled, with the launch direction unchanged, will the time of flight (from
launch to splash) be less than doubled, exactly doubled, or more than doubled?

Less than doubled Exactly doubled More than doubled
In a clear, coherent, paragraph-length response that incorporates physics principles, explain your
reasoning.

(b) If the launch speed is doubled, with the launch direction unchanged, will the greatest height that
the cannonball reaches above the launch point be less than doubled, exactly doubled, or more than
doubled?

Less than doubled Exactly doubled More than doubled

Briefly explain your reasoning.
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2.2. (7 points, suggested time 13 minutes) A survey drone moves with constant velocity: its velocity
has an upward vertical component of magnitude u and a horizontal component of magnitude w. When
the drone is at height H above level ground, it releases a seed pod. Air resistance on the pod is negligible.
A student writes the following equation for the horizontal distance D the pod travels between its release
and the moment it reaches the ground:

(a) Is the actual horizontal distance the pod travels greater than, less than, or equal to the value given
by the student’s equation?

Greater than Less than Equal to

Briefly justify your answer.

(b) Derive an expression for the horizontal distance D the pod travels between its release and the
moment it reaches the ground. Express your answer in terms of u, w, H, and physical constants,
as appropriate.

(¢) Describe a condition on the drone’s motion under which your expression from part (b) would agree
with the student’s equation. Use your expression to show that it agrees under that condition.

(d) On another survey, the drone releases an identical pod from the same height H while its velocity
has the same horizontal component w but a downward vertical component of magnitude u. Is
the horizontal distance this pod travels greater than, less than, or equal to the value given by the
student’s equation?

Greater than Less than Equal to

Briefly justify your answer.
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AP Physics 1 Chapter 3: Forces and Newton’s laws

3.1. (7 points, suggested time 13 minutes) A small magnet of mass m clings to the flat vertical
steel door of a refrigerator, as shown. The magnet does not move. The steel door exerts an attractive
magnetic force on the magnet that is horizontal, points toward the door, and has magnitude Fj;, which
is greater than the magnet’s weight. The coefficient of static friction between the magnet and the door

is pg.
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(side view) magnet

(a) On the dot above, which represents the magnet, draw and label the forces (not components) that act
on the magnet. Each force must be represented by a distinct arrow starting on, and pointing away
from, the dot. Draw the relative lengths of the arrows to show which forces have equal magnitudes
and which are larger.

(b) A student now presses the magnet straight toward the door with a finger, so that the finger exerts
an additional horizontal force on the magnet. The magnet still does not move. Is the magnitude of
the static friction force exerted by the door on the magnet greater than, less than, or the same as
it was before the student pressed?

Greater than Less than The same as

Briefly justify your answer.

(¢) While the student is still pressing, is the greatest possible magnitude of the static friction force that
the door could exert on the magnet greater than, less than, or the same as it was before the student
pressed?

Greater than Less than The same as

Briefly justify your answer.

(d) The student removes the finger. A light hook is attached to the bottom of the magnet, and a
calendar is hung from the hook so that the calendar hangs freely and does not touch the door.
Derive an expression for the greatest mass m, of calendar that can be hung without the magnet
slipping. Express your answer in terms of m, Fi, pg, and physical constants, as appropriate.
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3.2. (12 points, suggested time 25 minutes) In the figure below, a block of mass M on a frictionless,
horizontal tabletop is connected to a taut massless string that runs over a frictionless, massless pulley
and connects to a slotted mass set of mass M that is initially at height H above the floor. The block and
slotted mass set are released from rest. The string stays taut, and all parts of the system consisting of
the block, string, and slotted mass set have the same magnitude of acceleration a; until the slotted mass

set hits the floor.

////////////////////////////////////////////////
////////////////////////////////////////////////

///////////////////////////////////////////////////////////////////
///////////////////////////////////////////////////////////////////

A second experiment is planned in which the slotted mass set will have mass 2M. The block is unchanged.
A student is asked to predict how the new magnitude of acceleration as will compare with a;. The student

says:

“Doubling the mass of the slotted mass set doubles the component of the net force on the
system along the direction of acceleration. The block is the portion of the system trying to
resist being accelerated, so keeping the same block means keeping the inertial mass of the
system the same. According to Newton’s second law, acceleration is proportional to net force
and inversely proportional to inertial mass, so the magnitude of the acceleration will increase.

Specifically, as = 2a1.”

(a)  i. Which aspects of the student’s reasoning, if any, are correct? Explain how you arrived at your

answer.

ii. Which aspects of the student’s reasoning, if any, are incorrect? Explain how you arrived at

your answer.
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(b) Use quantitative reasoning, including equations as needed, to develop an expression for ay. Express
your answer in terms of aq.

(¢c) i. Explain how any correct aspects of the student’s reasoning that you identified in part (a) are
expressed by your mathematical relationships in part (b). Refer to the relationships you wrote
in part (b), not only to your final answer.

ii. Explain how your relationships in part (b) correct any incorrect aspects of the student’s rea-
soning that you identified in part (a). Refer to the relationships you wrote in part (b), not
only to your final answer.
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3.3. (7 points, suggested time 13 minutes) In the experiment shown below, a block near Earth’s
surface is pressed from above by a movable panel. The block is gaining speed while moving downward
with a constant acceleration. Air resistance is negligible. The experiment is repeated, but now with the
normal force exerted by the panel on the block only half as strong as before.

block l motion

(a) Will the magnitude of the resulting acceleration of the block be greater than, less than, or equal to
half the original magnitude of acceleration of the block?

Greater than half Less than half Equal to half
In a clear, coherent, paragraph-length response that incorporates physics principles, explain your
reasoning.

(b) The experiment is repeated a third time, now with the normal force exerted by the panel on the
block twice as strong as in the original experiment. Will the magnitude of the acceleration of the
block be greater than, less than, or equal to twice the original magnitude of acceleration of the
block?

Greater than twice Less than twice Equal to twice

Briefly explain your reasoning.
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3.4. (7 points, suggested time 13 minutes) The equivalence principle states that, for any given
object, the inertial mass and the gravitational mass have equal values. Students are asked to test the
equivalence principle for a cart, using the resources listed in the table below.

Resource Description
Cart Has massless wheels that spin without friction
Floor Smooth, firm, horizontal, flat surface

Motion detector | Mounted horizontally; tracks the horizontal position of an object on
the floor and produces position—time, velocity—time, and acceleration—
time graphs on a computer

Force probe Displays the strength of the pulling force exerted by the probe on
whatever object is attached to its hook

Classmates Other students can hold and read items for you

(a) Describe an experimental procedure that could provide data that could be used to test whether
the equivalence principle is satisfied by the cart. Give enough detail so that another student could
carry out your procedure. Be sure to provide a way to reduce experimental uncertainty.

(b) Describe an analytic procedure that could be applied to the data obtained using the method you
described in part (a) to determine whether the equivalence principle is satisfied by the cart. Give
enough detail so that another student could perform your analysis.

(c) Using physics principles, explain why the analytic procedure you described in part (b) would work.
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3.5. (7 points, suggested time 13 minutes) In the figure below, a block of mass m is connected to
a massless string draped over a massless, frictionless pulley. The other end of the string is connected to
a slotted mass set, also of mass m. The block is on the rough portion (darker shading) of a horizontal
tabletop, and the coefficients of kinetic and static friction between the block and the rough portion of the
table are g = pg = 2.0. The block is initially skidding to the right with speed v = 10 m/s at a distance
D = 7.5 m from the location where the rough portion of the tabletop joins the frictionless portion (lighter
shading).

rough frictionless

////////////////////////////////

Treat the block as small compared with D. The tabletop is long, and the block does not reach the pulley
during the motion described below.

(a) Calculate the magnitude of the acceleration of the block while it is on the rough portion of the
tabletop.

(b) Calculate the speed of the block when it reaches the frictionless portion of the tabletop, or, if it
stops before reaching it, calculate how far short of the frictionless portion it stops.

(c) Calculate the magnitude of the acceleration the block would have while moving to the right on the
frictionless portion of the tabletop, and state whether the block would be speeding up or slowing
down there.
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(d) A video recording is analyzed to obtain a speed—time graph for the block, starting at the instant
shown in the figure and ending before the block reaches the pulley. Which one of the following
graphs represents the speed—time graph for the block?

U v v v
(A (B (Ch (D))
> ¢ > ¢ > { > {
0 0 0 0
A B C D

Briefly explain how you arrived at your choice.
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3.6. (12 points, suggested time 25 minutes) As shown below, a block of mass m rests across two
rough horizontal planks that are separated by a narrow gap (see the side and top views). The block is
attached to a massless string that passes down through the gap; the other end of the string is connected
to a sphere of mass M that hangs below the planks. The coefficient of kinetic friction between the block
and the planks is pug. It is possible (perhaps after some practice trials) to launch the block, string, and
sphere to the right so that the angle 8 between the taut string and the horizontal has a constant value
during the time interval when the block, string, and sphere are still moving together and have not yet
come to rest. The acceleration of the block—string—sphere system before coming to rest has magnitude a.
The sphere does not touch the planks, and air resistance is negligible.

—> direction of motion
— >

NN
NNNNNNAN
NN

QM

side view top view (string and sphere seen through the gap)

a 1. 1le the block, string, and sphere move together, the planks exert a normal force of magnitude
i. While the block i d sph h he plank 1 f f itud
(m + M)g on the block, even though the block’s mass is only m. Explain why.

Suppose that the experiment is repeated, but now with mass M doubled.

ii. Does the magnitude a of the acceleration of the block—string—sphere system increase, decrease,
or stay the same?

Increase Decrease Stay the same

Briefly explain your reasoning without manipulating equations. (You may write, cite, and
describe features of equations, but do not merely write, “I solved the equations, and the final
expression shows that ...”)
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iii. Does the angle 6 increase, decrease, or stay the same?
Increase Decrease Stay the same

Briefly explain your reasoning without manipulating equations.

(b) i. Derive an expression for the magnitude a of the acceleration in terms of m, M, ug, and
physical constants, as appropriate.

ii. Derive an expression for the angle 0 in terms of m, M, ug, and physical constants, as appro-
priate.
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A class of students performed this experiment. There was only one set of equipment, so groups took
turns. The table shows the angle § measured by each group using video analysis.

()

i.

ii.

iii.

iv.

Group 1 2 3 4 5 6 7
Time group finished | 10:02 | 10:07 | 10:12 | 10:18 | 10:22 | 10:30 | 10:37
Angle 0 (£2°) 52 51 54 55 58 63 61

Use your result from part (b)(ii) to calculate the coefficient of kinetic friction px for Group 1
and for Group 7.

Taking into account the stated uncertainty in the angle measurements, do the data show that
ux was different for Group 7 than for Group 17

Yes No

Briefly justify your answer.

The students notice that the angle € mostly increases from group to group. One student
accuses the class of sabotage: each group shaved some mass off the block, so the block pressed
on the planks less and less, which reduced the kinetic friction force on it. The student argues
that weaker friction on the block gave the system a smaller acceleration and, thus, a more
vertical string. Is the student’s accusation consistent with your work in part (b)?

Yes No

Briefly explain.

Propose an alternative explanation for the trend of increasing angle 6, and use your results
from part (b) and part (c)(i) to support it.
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3.7. (12 points, suggested time 25 minutes) A student claims that the maximum static friction force
fsmax that two surfaces can exert before they slip increases in proportion to the normal force between
the surfaces until it reaches 8.0 N, and that fgmax stays equal to 8.0 N for all greater normal forces.

(a) Describe an experimental setup that could be used to test the student’s claim for a wooden block
and a wooden board. You may use any equipment ordinarily available in a typical physics classroom
laboratory. Include a diagram of your setup.

(b) Describe how you would use your setup to obtain data to test the student’s claim. Indicate which
equipment is used to measure each relevant quantity. Give enough detail so that another student
could carry out your procedure, and include a way to reduce uncertainty.
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(¢) Describe how you could analyze your data to test the student’s claim. Include a way to take

measurement uncertainty into account.

(d) Using physics principles, explain how you know that your analysis method could be used to test

the student’s claim.

The student performs an experiment using a wooden block and a wooden board and obtains the data in

the table below.

Normal force (£0.02 N) | Maximum static friction force (£0.1 N)
2.00 1.6
4.00 3.0
8.00 5.9
12.00 8.9
16.00 12.0
20.00 15.1

(e) Are the data in the table consistent with the student’s claim?

Yes No

Briefly justify your answer.

(f) Use the data in the table to determine the coefficient of static friction between the wooden block

and the wooden board.

2026-10-03 00:05 New York time AP Physics 1 & 2 FRQ Bank Page 24/227 DAVIDLIAO.COM



3.8. (7 points, suggested time 13 minutes) In the figure below, a block is sliding on a fixed inclined
plane with angle of inclination 6. The block might be sliding up the plane, or it might be sliding down
the plane.

B ..

(a) Suppose the plane is frictionless. Is the magnitude of the block’s acceleration greater while the
block slides up the plane, greater while it slides down the plane, or the same in both cases?

Greater sliding up Greater sliding down The same

Briefly explain your reasoning.

(b) Now suppose there is friction between the plane and the block, and the friction force has the same
magnitude whether the block slides up or down. Is the magnitude of the block’s acceleration greater
while the block slides up the plane, greater while it slides down the plane, or the same in both cases?

Greater sliding up Greater sliding down The same

In a clear, coherent, paragraph-length response that incorporates physics principles, explain your
reasoning.
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(¢) The coefficient of kinetic friction between the block and the plane is pgx. The block is launched
up the plane with speed vy. Derive an expression for the distance the block slides up the plane
before it momentarily stops. Express your answer in terms of vy, 6, ux, and physical constants, as
appropriate.

2026-10-03 00:05 New York time AP Physics 1 & 2 FRQ Bank Page 26/227 DAVIDLIAO.COM



3.9. (7 points, suggested time 13 minutes) In the figure below, the frictionless inclined plane has
angle of inclination @ and is accelerating purely horizontally to the right, with acceleration of magnitude
a. As a result, the box remains at a constant height on the plane, rather than sliding up or down along
it. In a second experiment, the magnitude a of the acceleration is doubled.

77
7171077777777 777777
7777777777777 77777777777777777

(a) For the box again to remain at a constant height on the plane, will the angle of inclination need to
be more than doubled, less than doubled, or exactly doubled?

More than doubled Less than doubled Exactly doubled
In a clear, coherent, paragraph-length response that incorporates physics principles, explain your
reasoning.

(b) With the angle adjusted so that the box remains at a constant height, is the magnitude of the
normal force exerted by the plane on the box in the second experiment greater than, less than, or
equal to its magnitude in the first experiment?

Greater than Less than Equal to

Briefly explain your reasoning.
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3.10. (7 points, suggested time 13 minutes) At time ¢ = 0, a massive object is released from rest
and falls toward the Earth through a uniform fluid in which drag is not negligible. The buoyant force on
the object is negligible. The graph shows the object’s speed v as a function of time ¢. The graph consists
of an initial portion, from ¢ = 0 to t = t¢, that is curved (concave down), and a second portion, from
t = to onward, that is a straight line.

v

(a) A student claims that the magnitude Fprag of the drag force exerted by the fluid on the object
increases whenever the object’s speed v through the fluid increases. Does the graph support the
student’s claim?

Yes No
In a clear, coherent, paragraph-length response that incorporates physics principles, explain your
answer.

(b) Is the magnitude of the drag force on the object at time ¢ = 2tc greater than, less than, or equal
to its magnitude at time t = %tc?

Greater than Less than Equal to

Briefly explain your reasoning.
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3.11. (7 points, suggested time 13 minutes) A boxcar slides along a ramp with angle of elevation
0. A massless string connects a massive ball to the ceiling of the boxcar. While the boxcar slides, the ball
hangs at rest relative to the boxcar, with the string making a constant angle ¢ with the vertical. (The
figure is not to scale; the angle drawn is not necessarily the actual angle.)

N Y

(a) Suppose the ramp is frictionless. How does ¢ compare with 07
¢ >0 p=10 ¢ <6 Cannot be determined

Briefly explain your reasoning.

(b) Now there is friction between the ramp and the boxcar. The boxcar is sliding up the ramp, and the
string makes a constant angle ¢’ with the vertical. How does ¢’ compare with 67

¢ >0 ¢ =0 ¢ <0 Cannot be determined
In a clear, coherent, paragraph-length response that incorporates physics principles, explain your
reasoning.
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(c) The coefficient of kinetic friction between the ramp and the boxcar is pgx. While the boxcar slides
up the ramp as in part (b), with the ball hanging at rest relative to the boxcar, derive an expression
for the magnitude of the boxcar’s acceleration. Express your answer in terms of 6, ux, and physical
constants, as appropriate.
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AP Physics 1 Chapter 4: Circular motion and gravitation

4.1. (7 points, suggested time 13 minutes) A pair of stars, each having mass m, orbit a point
midway between them. The distance between the stars is £.

B
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(a) If the mass of each star is increased by the same factor, with the distance ¢ unchanged, how will
the orbital speed of each star be affected?

Increase Decrease Remain the same

In a clear, coherent, paragraph-length response that may also contain equations, justify your answer.

(b) Derive an expression for the orbital speed v of each star in terms of m, ¢, and fundamental constants,
as needed.
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4.2. (12 points, suggested time 25 minutes) An astronomer discovers a new planet that is circularly
orbited by four moons. The astronomer obtains the orbital radii and periods for the four moons in the
table below.

Moon | Orbital radius R (m) +3 x 107 | Orbital period T (s) 42 x 103
A 6.2 x 108 2.66 x 10°
B 9.2 x 108 4.80 x 10°
C 1.07 x 10° 4.26 x 10°
D 1.20 x 107 5.06 x 10°

One of the astronomer’s colleagues claims that practically all the mass in the vicinity of the newly
discovered planet and its four moons is concentrated in a point-like fashion in the center of the planet
itself.

(a) Provide a method for analyzing the data to test the colleague’s claim. Be sure to provide enough
detail so that another physics student could carry out your analysis procedure. Provide a method
to take experimental uncertainty into account.

(b) Use physics principles to explain why the analysis method you described in part (a) can be used to
test the colleague’s claim.
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(¢) Carry out the method you described in part (a) and report whether the colleague’s claim is correct.

You may use the grid below and the empty columns in the data table if needed for your analysis.
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AP Physics 1 Chapter 5: Impulse and momentum

5.1. (12 points, suggested time 25 minutes) A student claims: “The impulse that a spring bumper
delivers to a cart while the cart bounces off the bumper depends only on how fast the cart is moving just
before it reaches the bumper. It does not depend on the mass of the cart.”

The student has a cart of mass 0.25 kg, several bars that can be fastened to the cart (each bar has
mass 0.25 kg), and a level, low-friction track with a spring bumper fixed at one end, as shown. Other
equipment that is usually found in a school physics laboratory is also available, but there is no device
that measures force.

//////////////////////////////////////////////////////////////////////////////////////

(a) Describe an experimental procedure that the student could use to collect data to test the claim.
Include a labeled diagram if it helps. State which equipment is used to measure each quantity, and
give enough detail that another student could carry out your procedure.

(b) Describe how the data from your procedure in part (a) could be analyzed, including a graph if you
would use one, to decide whether the data support the claim.
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The student carries out an experiment. In every trial, the cart approaches the bumper with speed
0.80 + 0.02 m/s. The student finds the impulse delivered by the bumper from the cart’s measured
velocities just before and just after the bounce. The results are shown in the table.

Trial Mass of cart and bars (kg) Magnitude of impulse (N-s)

1 0.25 0.36
2 0.50 0.68
3 0.75 1.07
4 1.00 1.38
5 1.25 1.77

(¢) On the grid below, plot the data and draw a straight line that best fits the data. Label the axes
with quantities and units, and choose scales.

(d) Do the data support the student’s claim? Justify your answer by referring to your graph.

(e) Assume that in every trial the cart leaves the bumper with the same speed. Use your best-fit line
to determine that speed.

2026-10-03 00:05 New York time AP Physics 1 & 2 FRQ Bank Page 35/227 DAVIDLIAO.COM



5.2. (7 points, suggested time 13 minutes) Blocks A and B have equal mass m and slide on a
frictionless, horizontal surface. A light spring of spring constant k is attached to the left side of block B.
Block A slides toward block B with speed v, compresses the spring, and later moves away. The experiment
is done twice. In Experiment 1, block B is initially at rest and free to slide. In Experiment 2, block B is
glued to the surface so that it cannot move. Block A has the same initial speed v in both experiments.

A|— T B A|— T B
Experiment 1: B free to slide Experiment 2: B glued in place

(a) Is the greatest compression of the spring in Experiment 1 greater than, less than, or the same as
the greatest compression of the spring in Experiment 27

Greater than Less than The same as

In a clear, coherent paragraph-length response that may also contain diagrams and/or equations,
justify your answer.

x
(b) Calculate the ratio =L of the greatest compression x; in Experiment 1 to the greatest compression
T2
o in Experiment 2.
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5.3. (7 points, suggested time 13 minutes) On a horizontal, frictionless track, cart A is launched
toward cart B, which is identical to cart A and initially at rest. The two carts stick together immediately

upon contact. Charlie tries to use conservation of momentum to determine the final speed of the stuck-

together carts, but Charlie misremembers the formula for z-momentum as p, = %mvg.

(a) Is the speed of the stuck-together carts that Charlie calculates greater than, less than, or equal to
the speed Charlie should have calculated?

Greater than Less than Equal to

In a clear, coherent, paragraph-length response that incorporates physics principles, explain your
reasoning.

(b) Is the total kinetic energy of the two carts just after the collision greater than, less than, or equal
to their total kinetic energy just before the collision?

Greater than Less than Equal to

Briefly explain your reasoning.
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5.4. (7 points, suggested time 13 minutes) A group of students is shown a block that is connected
to a taut massless string. The string passes over a massless, frictionless pulley and is connected to a
slotted mass set, as shown in the figure below. The block is on a horizontal, frictionless tabletop.

Initially, an instructor holds the block in place. The students are asked to predict how the horizontal
momentum of the system consisting of the block, string, and slotted mass set will (or will not) change after
the instructor releases the block. A group of students complains that there is an apparent contradiction:

Without the gravitational force that the Earth exerts on the slotted mass set, the system would
remain at rest, so that gravitational force is the cause of the motion of the system. The gravi-
tational force on the slotted mass set is directed straight down, so the horizontal component of
the impulse on the system is zero. Thus, the total horizontal momentum of the system should
stay constant. However, after the block is released, the block moves faster and faster toward
the right (while the slotted mass set moves faster and faster downward), so the total horizontal
momentum of the system actually increases in magnitude.

In a clear, coherent, paragraph-length response that refers to the horizontal component of the impulse on
the system, explain why the total horizontal momentum of the system changes after the block is released,
even though the gravitational force exerted by the Earth on the slotted mass set is purely vertical.
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AP Physics 1 Chapter 6: Center of mass

6.1. (7 points, suggested time 13 minutes) Cart 1, of mass m, and cart 2, of mass 3m, sit on a
long horizontal track with negligible friction. Each cart carries a magnet, and the magnets repel each
other. A thread ties the carts together so that they are at rest with their centers a distance d apart. The
thread is then burned, and the carts move apart.

thread

Ena

 —
d

(a) Derive an expression for the distance from the center of cart 1 to the center of mass of the two-cart
system before the thread is burned. Express your answer in terms of d.

A student makes the following claim about what happens after the thread is burned:

“The magnets push on each cart with forces of equal size, so the lighter cart 1 speeds away
faster than cart 2. Because cart 1 moves much farther than cart 2, the center of mass of the
two-cart system moves in the direction that cart 1 moves.”

(b)  i. Identify one aspect of the student’s claim that is correct, and briefly explain why it is correct.

ii. Identify one aspect of the student’s claim that is incorrect, and explain why it is incorrect.

(c) At one instant after the thread is burned, cart 1 is a distance s from where it started. Derive an
expression for the distance cart 2 is from where it started at that instant. Express your answer in
terms of s.
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6.2. (12 points, suggested time 25 minutes) Two pucks float on an air-hockey table, so friction is
negligible. Each puck carries a ring magnet, and the magnets repel, so the pucks push each other apart
without touching. Puck 1 has mass m; = 0.20 kg, and puck 2 has mass mo = 0.30 kg. Puck 1 is launched
straight toward puck 2, which is initially at rest. A student claims:

“The center of mass of the two-puck system moves with constant velocity before, during, and
after the pucks interact.”

(a) The students have a video camera mounted above the table, a meter stick, and a balance. Describe
an experimental procedure that could be used to collect data to test the claim. Give enough detail
that another student could carry out your procedure.

A group carries out a procedure and obtains the positions 1 and x5 of the centers of the pucks along
a line on the table, measured to within £0.002 m. The magnets begin to push on each other when the
centers are about 0.10 m apart; the pucks are small enough that they never touch.

t(s) | 1 (m) | 22 (m)
0.0 | 0.101 | 0.449
0.2 | 0.199 | 0.450
0.4 | 0.300 | 0.451
0.6 | 0.399 | 0.451
0.8 | 0.445 | 0.486
1.0 | 0433 | 0.562
1.2 | 0414 | 0.641
1.4 | 0.392 | 0.722
1.6 | 0.374 | 0.800
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(b)  i. Use the empty column in the table to record a quantity that can be graphed to test the claim.
Label the column.

ii. On the grid below, plot that quantity as a function of time. Clearly scale and label all axes.
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iii. Is the claim supported by the data?
Yes No

Briefly explain how your graph supports your answer.

(c¢) Use your graph to determine the velocity of the center of mass. Compare it with the value predicted
from the masses and puck 1’s velocity before the interaction.

(d) Another group analyzes the same data but mistakenly swaps the two masses, using 0.30 kg for puck
1 and 0.20 kg for puck 2 in the quantity they graph.

i. Using the data, calculate the slope of that group’s graph from ¢ = 0.0 s to £ = 0.6 s and from
t=10stot=1.6s.

ii. Would that group’s graph be a single straight line?
Yes No

Briefly explain your reasoning, including why it matters which mass is used for which puck.
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AP Physics 1 Chapter 7: Work and energy

7.1. (7 points, suggested time 13 minutes) A block of mass m is initially at rest on a horizontal,
frictionless track. The block is pushed toward the right by a force of constant strength F' through a
distance Af, immediately after which the speed of the block is v1. In a second experiment, a block of
mass 3m is initially at rest on the same track and then pushed toward the right by a force, again of
constant strength F', again through a distance Af, immediately after which the speed of the block of
mass 3m is ve. Indicate how the speeds v; and vo compare.

v > vy 1 <y V1 =109

In a clear, coherent, paragraph-length response, explain your choice in terms of energy principles.

2026-10-03 00:05 New York time AP Physics 1 & 2 FRQ Bank Page 42/227 DAVIDLIAO.COM



7.2. (12 points, suggested time 25 minutes) A small frictionless ball slides with speed vy across a
horizontal platform at height hpr, above the ground toward two regions of equal horizontal width labeled
Slot 1 and Slot 2. A group of children is offered one copy each of toys A—E, which they can insert into
the slots. The children are not allowed to rotate the toys. The children are instructed to insert one toy
into each slot so as to satisfy two conditions.

Condition 1: The speed of the ball just as the ball passes horizontal position £ = 2 must have the
smallest possible value.

Condition 2: From among those toy selections that satisfy condition 1, the children must then choose
the assignment of toys to slots that minimizes the time the ball takes to travel from horizontal position
x = 0 to horizontal position z = x».

At all times until passing horizontal position x = x9, the ball must be in contact with the platform or
a toy. The top surfaces of Toys A and B are level at their left and right edges. Assume that vg is great
enough for the ball to reach x = x2, and that the ball stays in contact with any toy surface it slides along
without a step.

 Slot1 1 Slot2
_ O 1 1
Platform | | hpL i i

‘ : —> T
0 X1 Z2

H H Toy E
hpr, hpr, hpr, Toy D
Toy A Toy B 1pn [ Toy C

All toys have the same width as a slot. Heights: h < hpy, < H.

(a)  i. Using energy principles, explain why satisfying condition 1 requires the ball to be as high as
possible as it passes x = xs.

ii. Explain why every assignment of toys to slots that satisfies condition 1 must include Toy A.

iii. Now considering also condition 2, which toys should the children place in the slots?
Slot 1 should contain toy Slot 2 should contain toy

Briefly explain your reasoning.
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(b) On the Internet, the children find the following graph for the gravitational potential energy of an
object—Earth system as a function of object height y above the Earth. Regardless of whether the
graph is actually correct, is the graph consistent with your reasoning in part (a)?

Consistent Inconsistent

Briefly explain your reasoning.

(c) On the Internet, the children also find the following graph relating the distance traveled to the
elapsed travel time and the speed at which travel proceeds. Regardless of whether the graph is
actually correct, is the graph consistent with your reasoning in part (a)?

Consistent Inconsistent

Briefly explain your reasoning.
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(d) One of the children attempts to compute the z-velocity v, 1 that the ball would have at z = x; if
Toy B were placed in Slot 1. The child argues that the speed at * = x; can be computed using
the equation vi = iz + 2a,;Ax by letting the initial z-velocity be vy, the final x-velocity be vy 1,
recognizing that the acceleration is —¢g, and recognizing that the displacement is Az = h — hpr..
Identify a feature of the child’s reasoning, if any, that is incorrect. If the child’s reasoning is correct,
say so. Justify your answer.

(e) Consider the assignments of toys that satisfy condition 1. Derive an expression for the difference
between the times the ball takes to travel from z = 0 to x = 9 for these assignments. Express
your answer in terms of vy, 1, H, hpr, and physical constants, as appropriate.

(f) Suppose Toy B is placed in Slot 1. Derive an expression for the speed of the ball as it passes
horizontal position x = x1. Express your answer in terms of vg, hpr,, h, and physical constants, as
appropriate.
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7.3. (7 points, suggested time 13 minutes) Block A, of mass my4, is released from rest at a height
H on a frictionless inclined ramp that is attached to a horizontal, frictionless floor. Block B, of mass mp,
initially rests on the floor. Take the gravitational potential energy of each block—Earth system to be zero
when that block is on the floor.

/////////////////////////////////////////////////////////////////////////////////////

(a) At the moment block A is released, how does the gravitational potential energy Ug agr of the
block A-Earth system compare with the gravitational potential energy Ug pgr of the block B—
Earth system?

_ Ugasr > UgpsE _ Ugasr < Ugpsr _ Uga&r = UgpsE

Briefly explain your reasoning.
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The foot of the ramp is smoothly curved, so block A moves smoothly onto the floor. Block A then collides
with and sticks to block B.

(b) Derive an expression for the kinetic energy of the stuck-together blocks just after the collision.
Express your answer in terms of m 4, mp, H, and physical constants, as appropriate.

(c) The experiment is repeated, but now block A has a greater mass my4, and everything else is un-
changed. Is the kinetic energy K5 of the stuck-together blocks in the new experiment greater than,
less than, or equal to the kinetic energy K7 of the stuck-together blocks in the original experiment?

7K2>K1 7K2<K1 7K2:K1

Briefly explain your reasoning.

(d) Derive an expression for the amount of mechanical energy converted to internal energy in the
collision. Express your answer in terms of m4, mp, H, and physical constants, as appropriate.
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7.4. (7 points, suggested time 13 minutes) As shown in the figure below, a block of mass m slides
with speed v across a horizontal, frictionless surface toward a wedge of mass M > m that is initially at
rest on the surface and free to slide on it. The wedge’s inclined top surface is frictionless and smoothly
joins the horizontal surface. The block slides up the wedge, without reaching the top, and reaches a
maximum height H. The experiment is repeated with the same initial speed v, but now the block has
mass M and the wedge has mass m.

/////////////////////////////////////////////////////////////////////////////
/////////////////////////////////////////////////////////////////////////////

(a) Is the speed of the wedge at the instant the block reaches its maximum height in the second
experiment greater than, less than, or equal to the speed of the wedge at that instant in the first
experiment?

Greater than Less than Equal to

Briefly explain your reasoning.

(b) Will the new maximum height of the block on the wedge be greater than, less than, or equal to H?
Greater than Less than Equal to

In a clear, coherent, paragraph-length response that incorporates physics principles, explain your
reasoning.
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7.5. (7 points, suggested time 13 minutes) A horizontally oriented launcher (below) consists of a
massless spring and an attached thin, massless piston housed in a frictionless tube that is capped at one
end. When the piston is at position A, the spring is relaxed. The spring can be compressed by using thin
pins to hold the piston at positions B and C.

pin ?oleTs piston
mmmmmvﬂ )
é ]‘3 A ball

(a) In one experiment, a ball is pushed into the launcher, and a pin keeps the spring compressed with
the ball at rest touching the piston, with the piston at position B. In a second experiment, the same
procedure is used, except that the piston is held at position C. While the ball is held at rest in this
way, how does the mechanical energy Fnipcn,p of the ball in the first experiment compare with the
mechanical energy Eyvipcn,c of the ball in the second experiment?

_ EvgcH,c > EMECH,B _ EumgecuH,c < EMECH,B _ EmgecH,c = EMECH,B
Briefly explain your reasoning.
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The launcher is now used to launch the ball. First, the launcher is horizontal, and the ball is launched
from rest with the piston released from position B. The ball leaves the piston with speed vgogr as the
piston passes position A. In a second trial, the ball is again launched from rest with the piston released
from position B, but now with the launcher pointing vertically upward. The ball leaves the piston with
speed vygr as the piston passes position A.

(b) How do the launch speeds vpor and vygr compare?
VHOR -~ UVER UHOR < UVER VHOR = UVER
In a clear, coherent, paragraph-length response that incorporates physics principles, explain your

reasoning.

(c) The spring constant is 200 N/m, the distance between positions A and B is 0.050 m, and the ball’s
mass is 0.050 kg. Calculate vygg.
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AP Physics 1 Chapter 8a: Rotational statics

8a.l. (7 points, suggested time 13 minutes) The figure below shows a cutaway view of a frictionless

hemispherical bowl and a rod. The tips of the rod and the lip of the bowl are rounded and slightly
elastic. As a result, the normal force NINT%TIP that the interior of the bowl exerts on a tip of the rod
is perpendicular to the interior of the bowl, and the normal force NLIPHB ARREL that the lip of the bowl
exerts on the barrel of the rod is perpendicular to the rod. Lines drawn through these two normal force
vectors intersect at point P. Vertical line ¢ is drawn through the gravitational force vector F’G,EHROD
acting at the center of mass of the rod. The forces are not drawn to scale, and the figure might not show
the rod in static equilibrium.

qLIP—)BARREL /

NINT—TTP

=
F'c E5ROD
|

When the rod is in static equilibrium, will point P lie to the left of line ¢ (as shown), to the right of line
£, or on line ¢7

P is to the left of line ¢ P is to the right of line ¢ P is on line ¢

In a clear, coherent, paragraph-length response that incorporates physics principles, explain your choice.
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8a.2. (12 points, suggested time 25 minutes) A uniform shelf board of mass M and length L is
held horizontal by two pegs that stick out from a wall. The board does not touch the wall. The upper
peg presses on the top surface of the board at the end nearest the wall. A slanted lower peg touches the
bottom surface of the board at a single point a distance L/4 from that end. A cat of mass m sits at the
far end of the board. The pegs exert only vertical forces on the board.

cat
upper peg

O

lower peg

ES
ES
N

L/4 3L/4

(a) The bar below represents the board. Draw and label the forces (not components) exerted on the
board, with each arrow starting at the point where that force is exerted. Represent the cat’s effect
on the board by a single force.

| |
I I I
wall end L/4 L/2 L

(b)  i. Rank the magnitudes of the following forces: the force Fy; exerted by the upper peg, the force
Fp exerted by the lower peg, and the weight Mg of the board. If any are equal, indicate that
clearly.

Largest Smallest
Briefly justify your ranking.

ii. Derive an expression for the magnitude Fy of the force exerted on the board by the upper
peg. Express your answer in terms of M, m, and physical constants, as appropriate.
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(¢) Derive an expression for the magnitude Fp of the force exerted on the board by the lower peg.
Express your answer in terms of M, m, L, and physical constants, as appropriate.

(d) The cat walks toward the wall and sits down at the middle of the board. Does the magnitude Fy;
of the force exerted by the upper peg increase, decrease, or stay the same?

Increase Decrease Stay the same

Briefly justify your answer.

(e) The cat’s mass m is less than the board’s mass M. The cat walks all the way to the wall end of
the board and sits on the board there, right beside the upper peg, so that the cat’s weight acts on
the board at the wall end. Derive an expression for the magnitude Fy of the force exerted by the
upper peg now. Express your answer in terms of M, m, and physical constants, as appropriate.
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AP Physics 1 Chapter 8b: Rotational dynamics and angular momentum

8b.1. (7 points, suggested time 13 minutes) Five identical uniform disks, each of mass M and
radius R, lie flat on a horizontal table. Each disk can spin without friction about a fixed vertical axle
through its center. The rotational inertia of a bare disk about its axle is %M R?. Each disk starts at rest,
and then a horizontal force is applied to it as shown in the top views below. In C and D, two small lumps
of clay, each of mass %, are stuck to the top surface of the disk at the distances shown. In B, a string is
wrapped around a light hub of radius % that is fastened to the disk. Treat the clay lumps as particles.

F
F F F
A B C D E
In C, the lumps are at distance R from the axle. In D, they are at distance % In E, the force acts at the rim and
points directly away from the axle.

(a) Rank the magnitudes of the angular accelerations of the disks, from greatest to least, just after the
forces begin to act. If two disks have the same angular acceleration, show that with an equals sign.
If a disk has zero angular acceleration, include it in the ranking.

Greatest Least

In a clear, coherent, paragraph-length response that may also contain equations, justify your rank-
ing.

(b) The force on disk D keeps the same magnitude and stays tangent to the rim as the disk turns. Derive
an expression for the angular speed of disk D after the force has acted for a time At. Express your
answer in terms of F', M, R, At, and physical constants, as appropriate.
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8b.2. (12 points, suggested time 25 minutes) A toy top is mounted in a launcher on a vertical
axle, about which the top can spin without friction. The top’s rotational inertia about the axle is 1. A
sleeve of radius r and negligible mass is fastened to the top, and a string of length L is wound around
the sleeve. Starting with the top at rest, a student pulls the free end of the string horizontally with a
constant force of magnitude F' until all of the string has unwound and the string drops away. The string
does not slip on the sleeve.

In a second trial, the sleeve is replaced with a sleeve of radius 2r, also of negligible mass. The same string
of length L is wound around it, and the student again pulls with constant force F' until the string is fully
unwound.

ORI

Trial 1: sleeve radius r (top view) Trial 2: sleeve radius 2r (top view)

(a) i. How does the work done by the string on the top in Trial 2 compare with the work done in
Trial 17 Without deriving or manipulating equations, explain your answer in terms of the
force the string exerts, and also in terms of the torque it exerts on the top.

ii. Is the angular speed of the top when the string drops away in Trial 2 greater than, less than,
or the same as in Trial 17

Greater than Less than The same as

Briefly explain your reasoning without deriving or manipulating equations.

(b) Derive an expression for the angular speed of the top when the string drops away in Trial 1. Express
your answer in terms of I, L, I, r, and physical constants, as appropriate.

2026-10-03 00:05 New York time AP Physics 1 & 2 FRQ Bank Page 55/227 DAVIDLIAO.COM



A student who saw only the setup made this prediction:

“With the bigger sleeve, the string pulls with the same force but twice as far from the axle,
so the torque on the top is twice as large. The rotational inertia is the same, so the angular
acceleration is twice as large. So in Trial 2 the top ends up spinning faster.”

C i. Which aspects of the student’s reasonin y if any, are correct? Explain how you arrived at your
answer.

ii. Which aspects of the student’s reasoning, if any, are incorrect? FExplain how you arrived at
your answer.

(d) Identify a step in your derivation in part (b), other than the final answer, that shows whether the
student’s conclusion is correct. Explain how that step shows it.
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8b.3. (7 points, suggested time 13 minutes) The apparatus in the figure below consists of a
horizontal surface, a uniform disk of mass 2M resting on the surface, and a second uniform disk of mass
M that rests on the first disk on three identical, massless rubber “feet” equally spaced around its rim.
Both disks have radius R, and they share a vertical axis. The rotational inertia of a uniform disk of mass
M and radius R about its axis is %M R?. There is no friction between the horizontal surface and the disk
of mass 2M, but there is friction between the disk of mass 2M and the rubber feet. Initially, the disk of
mass M is spinning with angular speed w while the lower disk is at rest. Eventually the two disks spin
together with the same angular speed wy 1.

rubber foot —

2M
w

top view (feet, beneath the upper disk, dashed)

The experiment is repeated, except now with both masses, M and 2M, increased by the same factor.
The initial angular speed is again w.

(a) How does the final angular speed wyo in the second experiment compare with the final angular
speed wy 1 in the first experiment?
—Wr2>Wpr Wi <Wwrr _ Wi2 = Wr
Briefly explain your reasoning.
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In each experiment, the rubber feet leave skid marks (arcs) on the lower disk. The skid marks from
different feet do not overlap.

(b) In a clear, coherent, paragraph-length response that incorporates relevant principles of physics,
explain whether the skid marks in the second experiment will be longer than, shorter than, or the
same length as the skid marks in the first experiment.

(¢) Derive an expression for the mechanical energy converted to internal energy by friction at the feet
in the first experiment. Express your answer in terms of M, R, w, and physical constants, as
appropriate.
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8b.4. (12 points, suggested time 25 minutes) A horizontal disk is mounted on a frictionless, vertical
axle about which it can rotate. A thin circular groove carved near the outer edge of the disk holds a
small ball that slides in the groove without friction (the ball does not roll). Over part of the circle,
a curved ramp is attached to the disk: the groove continues smoothly up the ramp, staying the same
distance from the axle, so the ball can slide up the ramp. The far end of the ramp is a vertical “cliff.”
The rotational inertia of the ball about the axle is Igarr,, the rotational inertia of the disk with its ramp

is Ipisk > IsarL, and the ball has mass m.
\ cliff '

ball

cliff

perspective view

top view
arrows: counterclockwise,

as seen from above

In a first experiment, the disk is initially at rest and the ball, at the base of the ramp, is moving
counterclockwise (as seen from above) along the groove toward the ramp, with angular momentum of
magnitude Ly about the axle. In a second experiment, the ball is initially at rest at the base of the ramp
while the disk and ramp rotate clockwise, toward the ball, with angular momentum of magnitude L;. In
each experiment the ball slides partway up the ramp, comes momentarily to rest relative to the ramp at
its maximum height, and never reaches the cliff.

(a) Which has the greater angular speed?
The ball at the beginning of the first experiment
The disk at the beginning of the second experiment

Briefly explain your reasoning.

(b) In the first experiment, the disk, which starts at rest, begins to rotate counterclockwise (as seen
from above) as the ball slides up the ramp. Explain why, in terms of the force exerted between the
ball and the ramp.
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(c) Explain how the kinetic energy of the ball-disk system at the instant the ball reaches its maxi-
mum height in the first experiment compares with its kinetic energy at that instant in the second
experiment.

(d) Is the initial kinetic energy of the ball-disk system in the first experiment greater than, less than,
or equal to the initial kinetic energy of the ball-disk system in the second experiment?

Greater than Less than Equal to

Briefly explain your reasoning.

(e) In the first experiment the ball reaches a maximum height h; on the ramp, and in the second
experiment it reaches a maximum height hy. How do hy and hy compare?

7h1>h2 7h1<h2 7h1=h2

Briefly explain your reasoning.
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(f) Derive an expression for hj. Express your answer in terms of L, Iparr, Ipisk, m, and physical
constants, as appropriate.

(g) Derive an expression for the ratio hj/hg. Express your answer in terms of Iparr, and Iprsk.
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AP Physics 1 Chapter 10: Simple harmonic motion

10.1. (7 points, suggested time 13 minutes) In the figure below, a block of mass m is on a
frictionless, horizontal floor. The block is in contact with a relaxed massless spring on the left, of spring
constant kr,, and in contact with a relaxed massless spring on the right, of spring constant kr. The other
ends of the springs are fixed to immovable walls. The horizontal lengths of the springs can change, but
the springs do not bend (the springs remain horizontally oriented). The block is not attached to either
spring.

/////////////////////////////////////////////////////////////////
/////////////////////////////////////////////////////////////////

(a) Suppose kg is much, much greater than kz. The block is set into oscillatory motion along the
z-axis. Derive an algebraic expression for the period of oscillation of the block. Explain how you
obtained your result.

(b) Now suppose only that kr and k7 are not equal; either spring may be the stiffer one. A student
sketches a possible graph of position x vs. time ¢ for the block, shown below.

i. Identify two correct geometric features of the student’s sketch and explain, using physics
principles, why those features are correct.

ii. Identify two incorrect geometric features of the student’s sketch and explain, using physics
principles, why those features are incorrect.
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10.2. (7 points, suggested time 13 minutes) A frictionless skateboarder’s stunt ramp consists of a
quarter-circle arc having radius of curvature R connected to a horizontal segment of length L connected
to another quarter-circle arc having radius of curvature R. A small ball is released from rest on one of
the curved portions of the ramp at a height h above the height that the ball has while on the horizontal
segment. The ball slides without rolling. The figure shows two snapshots at different times of the same
ball. The height h is much, much smaller than the radius of curvature R.

(a) The time it takes for the ball to soonest return to the position from which it is released is 7. Would
a slight increase in R result in an increase in T', a decrease in T, or no change in T'?

Increase in T Decrease in T’ No change in T

In a clear, coherent, paragraph-length response, explain your reasoning.

On the Internet, a student finds the scatterplot of T' vs. R below, labeled as data from a university
laboratory experiment with this kind of ramp, using fixed values of h and L. The line is the best-fit line

drawn by the website.

T
A

> R

(b) Regardless of whether the scatterplot is correct, identify one feature of the scatterplot that is
consistent with your reasoning in part (a) and one feature that is inconsistent with it. Explain

each.
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10.3. (7 points, suggested time 13 minutes) In the figure below, a block slides to the right with
speed vy across a frictionless portion of the floor (lighter shading) and then reaches a second portion of
the floor (darker shading). In the darker region, the coefficient of kinetic friction px between the block
and the floor increases in proportion to the distance x from the line where the two regions meet: px = bz,
where b is a positive constant. Even though the block is drawn large, treat it as very small, so that at

almost any moment it is entirely on one region or the other.

—> 0

—

(a) Which one of the following graphs represents the magnitude of the block’s acceleration as a function
of time, beginning at the instant the block first reaches the darker region and ending when the block

Y
~

stops?
a a a a
(A (B)y (Chy (D),
>t > 1 >t
0 0 0 0
A B C D

In a clear, coherent, paragraph-length response that incorporates physics principles, explain how

you arrived at your choice.
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(b) Derive an expression for the time the block takes to stop after it first reaches the darker region.
Express your answer in terms of b, vy, and physical constants, as appropriate.
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10.4. (7 points, suggested time 13 minutes) In the apparatus shown below, two thin horizontal
rods, A and B, stick out toward the viewer from a fixed vertical board; the figure shows the rods end-on,
in front of the board. Rod B is a vertical distance L below rod A and slightly to one side. One end of a
massless string of length £ is tied to rod A, and the other end is tied to a small, massive bob. The bob
is released from rest on the side away from rod B. As the bob swings past its lowest position, the string
comes into contact with rod B; the bob then rises on the other side and momentarily comes to rest. The
bob is always released from a height below rod B, and the angle between any straight segment of the
string and the vertical is always small. Neglect the small horizontal offset of rod B when finding times.
Let At be the time from the release of the bob until it next comes to rest.

vertical board (behind)

(a) Rod B is moved lower, so that L increases; the string’s length ¢ does not change. Does At increase,
decrease, or stay the same?

Increase Decrease Stay the same

In a clear, coherent, paragraph-length response that incorporates physics principles, explain your
reasoning.
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(b) Derive an expression for At. Express your answer in terms of ¢, L, and physical constants, as
appropriate.
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AP Physics 1 Chapter 11a: Fluid statics

11a.1. (7 points, suggested time 13 minutes) A fish tank sits on a bathroom scale. A small plastic
float of volume V' and uniform density py is held completely underwater by a light string tied to the
bottom of the tank, as shown. The water has density p,,, which is greater than py. Everything is at rest.

| | | | | |

e e R e
| | | | | | | | |
| il el e e e e e S |
| | | | | | | | |
| I e A e E E A B |
| | | | | | | |
ﬂoat \77\77\77\7‘777777'\
| | | | | | | | |
it i el i e Bl Rl il
R N B B BRI
| | | | | | | | |
| R A R (N IO R S I |
| | | | | | | | |
| I N RN [ U U (R R |

scale float

(a) On the dot above, which represents the float, draw and label the forces (not components) that act
on the float. Each force must be represented by a distinct arrow starting on, and pointing away
from, the dot. Draw the relative lengths of the arrows to show which forces are larger.

(b) The string is cut. Is the reading of the scale just after the string is cut greater than, less than, or
the same as the reading just before the string is cut?

Greater than Less than The same as

In a clear, coherent, paragraph-length response that may also contain diagrams and/or equations,
justify your answer.

(c¢) Derive an expression for the tension in the string before it is cut. Express your answer in terms of
V., pf, pw, and physical constants, as appropriate.
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11a.2. (7 points, suggested time 13 minutes) Two empty cylindrical aluminum cans are floating
upright in water (figure below). Both top caps have been removed. The bottom disk-shaped plate of
can 1 is larger than the bottom disk-shaped plate of can 2. An additional mass Am is deposited into
the bottom of can 1, and the same additional mass Am is also deposited in the bottom of can 2. Care
is taken to avoid jostling and overturning the cans. The cans both remain floating, and, after transient
oscillations of the cans have damped out, the bottom of can 1 ends up an additional depth d; farther
below the water surface, and the bottom of can 2 ends up an additional depth ds farther below the water
surface.

can 1 can 2

N——1

@ ]

N~

water
(a) How do d; and dy compare?
_dy>ds o di<do _ di=do

In a clear, coherent, paragraph-length response that incorporates physics principles, explain your

reasoning.

(b) Can 1, with the added mass Am still in it, is moved to a tank of salt water, which is denser than
fresh water. Is the depth of the bottom of can 1 below the surface in the salt water greater than,
less than, or equal to its depth in the fresh water?

Greater than Less than Equal to

Briefly explain your reasoning.
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AP Physics 1 Chapter 11b: Fluid flow

11b.1. (7 points, suggested time 13 minutes) Water flows steadily and smoothly from a kitchen
faucet, forming an unbroken stream that falls straight down. Point 1 is just below the faucet, and point
2 is farther down the stream. (The figure does not show the stream’s width to scale.)

Assume the water behaves as an ideal fluid.

(a) Is the cross-sectional area Ag of the stream at point 2 greater than, less than, or equal to the
cross-sectional area A; at point 17

Greater than Less than Equal to

In a clear, coherent, paragraph-length response that incorporates physics principles, explain your
reasoning.

e faucet is opened further, so that the water passes point 1 faster than before. The cross-sectiona

b) The f: t d furth that th t int 1 faster than bef Th tional
area at point 1 does not change, and points 1 and 2 stay where they are. Is the ratio As/A; now
greater than, less than, or equal to its value before?

Greater than Less than Equal to

Briefly explain your reasoning.
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11b.2. (12 points, suggested time 25 minutes) A syringe pump pushes water out of a syringe at a
constant volume flow rate (), which the students want to determine. The pump can be fitted with needles
of different inner diameter d. Assume the water behaves as an ideal fluid. For each needle, the students
measure the speed v of the water leaving the needle.

(a) Derive an expression for the speed v of the water leaving a needle of inner diameter d. Express your
answer in terms of @), d, and physical constants, as appropriate.

Inner diameter d (mm) | Exit speed v (m/s)
0.60 5.41
0.70 3.82
0.84 2.79
1.07 1.62
1.37 1.03

(b) Indicate quantities that could be graphed to yield a straight line whose slope could be used to
determine ). You may use the empty column in the table.

Vertical axis: Horizontal axis:

(¢) On the grid below, plot the quantities you indicated. Clearly scale and label all axes, and draw a
best-fit line.
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(d) Use your best-fit line to determine the volume flow rate Q.

(e) A student says, “The data show that halving the needle’s diameter doubles the speed of the water.”
Using the data, evaluate the student’s statement. If the statement is incorrect, state the relationship
between speed and diameter that the data do support, and explain it using physics principles.
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AP Physics 1 Chapter 11c: Fluids: statics and flow combined

11c.1. (7 points, suggested time 13 minutes) A flexible hose is used as a siphon to drain water

from a large aquarium into a bucket on the floor. The hose is full of water, and water flows steadily out
of the open end. The open end of the hose is a vertical distance h below the surface of the water in the
aquarium, and the highest point of the hose is a height y above that surface. The hose has a uniform
inner diameter much smaller than the width of the aquarium. Assume the water behaves as an ideal
fluid.

bucket

(a) Derive an expression for the speed v of the water leaving the open end of the hose. Express your
answer in terms of h, y, and physical constants, as appropriate.

(b) The hose is lifted so that its highest point is farther above the aquarium’s water surface, but the
water still flows and the open end stays at the same height. Does the speed of the water leaving
the hose increase, decrease, or stay the same?

Increase Decrease Stay the same

Briefly justify your answer.

(c) Is the pressure of the water at the highest point of the hose greater than, less than, or equal to
atmospheric pressure?

Greater than Less than Equal to

Briefly justify your answer.

(d) The water surface in the aquarium has area Ag, and the inner cross-sectional area of the hose is a.
Derive an expression for the speed at which the water surface in the aquarium moves downward
while the siphon runs. Express your answer in terms of Ag, a, h, y, and physical constants, as
appropriate.
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11c.2. (7 points, suggested time 13 minutes) An open-topped plastic bottle stands on a kitchen
counter and is kept filled with water to a height H above the counter. Two small holes are poked in
the side of the bottle: hole A at a height H/4 above the counter and hole B at a height H/2 above the
counter. Water squirts horizontally out of each hole and lands on the counter. Assume the water behaves
as an ideal fluid and that the holes are small compared to the width of the bottle.

H Btr—
(paths not shown)

A»—

A student makes the following claim:

“The water pressure is greater at hole A because hole A is deeper below the water surface.
Greater pressure pushes the water out faster, so the water from hole A lands farther from the
bottle than the water from hole B.”

(a)  i. Identify one aspect of the student’s claim that is correct, and briefly explain why it is correct.

ii. Identify one aspect of the student’s claim that is incorrect, and explain why it is incorrect.

(b) Derive an expression for the horizontal distance D from the side of the bottle to the point where
water from a hole at height y above the counter lands. Express your answer in terms of y, H, and
physical constants, as appropriate.
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AP Physics 2: Contents

Each cell lists the questions in that chapter that use that format, with page numbers. A question can appear in more than one column, so the format
totals add up to more than the number of questions. The Total column counts the questions in each chapter. Question 3.2 is the second question in chapter 3.
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tential 12a.2 (88)
12b Circuits and capacitors 2 | 12b.1(91), 12b.1(91) 12b.1(91) 12b.2(93) 12b.2(93)
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14 Electromagnetic induction 3 | 14.1(99), 14.1(99), 14.2(102) 14.3(104) 14.1(99)
14.2(102), 14.3 (104)
14.3 (104)
15 Physical optics 2 15.1(107), 15.2(109) 15.1(107) 15.2(109) 15.1(107)
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18a Ideal gases and kinetic theory 3 | 18a.1(136), 18a.1(136), 18a.2(138), 18a.1 (136) 18a.3 (140) 18a.3 (140) 18a.2 (138) 18a.2(138)
18a.3 (140) 18a.3 (140) 18a.3 (140)

18b Thermodynamics 3 | 18b.1(143), 18b.1 (143), 18b.3 (147) 18b.2 (145) 18b.3 (147)
18b.2 (145), 18b.2 (145)
18b.3 (147)

Total 31 | 30 16 4 14 10 9 4 1 2 6

Formats. Calculate or draw: derive, calculate, or draw a diagram or graph. Compare two cases: say which of two situations has more of something, and why. Rank:
order several related objects. Predict a change: say what happens to a quantity after something is changed. Ezplain without equations: reason in words first, then
connect the words to a derivation. Critique a student: find what is right and wrong in a student’s argument. Does it make sense?: test an equation or a graph against
physics principles. Paragraph response: a clear, coherent, paragraph-length explanation. Design an experiment: write a procedure to measure a value or test a claim.

Analyze data: graph data, often after choosing quantities that make a straight line, and use the slope or intercept.
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AP Physics 2 Chapter 7: Potential-energy landscapes

7.1. (10 points, suggested time 20 minutes) A cart of mass m rolls without friction along a straight
horizontal track. Magnets fixed along the track exert forces on a magnet mounted on the cart. The graph
shows the potential energy U of the cart—-magnets system as a function of the cart’s position = along the
track. Uy is a positive constant.

AT, |
3Uo |
= 20Uy

Uy |

(a) Consider the positions z =1 c¢m, 3 cm, 5 cm, and 7 cm.

i. At which of these positions is the magnitude of the net force exerted on the cart greatest?
1 cm 3 cm 5 cm 7 cm

Briefly justify your answer.

ii. What is the direction of the net force exerted on the cart when it is at £ = 3 cm?
+x —x The force is zero

Briefly justify your answer.

2026-10-03 00:05 New York time AP Physics 1 & 2 FRQ Bank Page 77/227 DAVIDLIAO.COM



(b) The cart is released from rest at z =1 cm.

i. Will the cart ever reach x = 6 cm?
Yes No

Briefly justify your answer.

ii. Determine the range of positions the cart moves through. Explain how you used the graph to
determine it.

(¢) A student says, “At x = 2 cm the potential energy is at a minimum, so the cart must be momentarily
at rest there.” Explain what is wrong with the student’s statement.

(d) The cart is now launched from z = 2 cm toward +z. Derive an expression for the least speed it
can be given at x = 2 cm so that it reaches x = 6 cm. Then suppose it is launched with slightly
more than that least speed. Derive an expression for its approximate speed at x = 6 cm. Express
your answers in terms of m, Uy, and physical constants, as appropriate.
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7.2. (12 points, suggested time 25 minutes) Two atoms that are neighbors in a solid can be
modeled as a pair that vibrates along the line joining them. The graph shows the potential energy U of
the two-atom system as a function of the separation r between the atoms’ centers. Separation is given
in units of rg, and energy in units of Uy, where g and Uy are positive constants. The horizontal dashed
lines show two possible values, 1 and Es, of the total energy of the vibrating pair.

ii.

ii.

iii.

1v.

0.5 1

0.25 1

—0.25

U (units of Up)
|
<
(S

—0.75 1

~—

r (units of 7

i. What is the separation at which the net force each atom exerts on the other is zero? Briefly

justify your answer.

When the separation is 0.757¢, is the force between the atoms attractive or repulsive?
Attractive Repulsive

Briefly justify your answer.

i. For total energy E7, estimate the smallest and largest separations reached as the pair vibrates.

Repeat for total energy Fs.

For which total energy is the average of the smallest and largest separations greater?
B FEs The same for both

Support your answer by calculating the average for each total energy from your estimates.

For total energy Es, determine the greatest kinetic energy of the pair as it vibrates, and the
separation at which it occurs.
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(c) Most solids expand when they are heated. First consider a pair of atoms whose potential-energy
graph had the same shape on both sides of its minimum. Explain why heating such pairs would
not change the average separation of the atoms.

(d) Using features of the graph for the actual pair, explain how this model accounts for the expansion
of solids when they are heated.

(e)  i. On the axes below, sketch the force F' that each atom exerts on the other as a function of
the separation r, for separations from 0.67g to 3rg. Take F' to be positive when the force is
repulsive. No numerical scale is needed on the F' axis.

0.5 1 1.5 2 2.5 3
7 (units of 79)

ii. Use the graph of U to estimate the magnitude of the greatest attractive force between the
atoms. Express your answer in terms of Uy and rg, and show how you used the graph.
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AP Physics 2 Chapter 11: Waves and sound

11.1. (12 points, suggested time 25 minutes) Students study the vibration of a guitar string. The
string is fixed at both ends, and the vibrating length between the fixed points is L = 0.65 m. One end
of the string is attached to a luggage scale, which reads the tension 7" in the string; the students change
the tension by turning a peg. For each tension, the students pluck the string and use a tuner to measure

the frequency f of the fundamental (lowest) standing-wave mode.

(a) Derive an expression for the fundamental frequency f in terms of T, L, the string’s mass per unit
length 1, and physical constants, as appropriate.

Tension 7' (N) | Fundamental frequency f (Hz)
40 141
60 171
80 199
100 221
120 244

(b) Indicate quantities that could be graphed to yield a straight line whose slope could be used to
determine . You may use the empty column in the table.

Vertical axis:

Horizontal axis:
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(¢) On the grid below, plot the quantities you indicated. Clearly scale and label all axes, and draw a

best-fit line.
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(d) Use your best-fit line to determine .

vibrating length L, and the tension is set to 80 N. Predict the fundamental frequency of the new

(e) The string is replaced with a string that has four times the mass per unit length, with the same
string. Briefly justify your prediction.

DAVIDLIAO.COM
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11.2. (10 points, suggested time 20 minutes) Two identical tall cylindrical glass jars, each of height
H, are open at the top. Jar A contains more water than jar B. When a student blows across the top of
each jar, the air column above the water vibrates in its fundamental mode and the jar produces a tone.

Jar A Jar B

(a) i. The figure below shows jar B. On the figure, sketch the pattern of the air’s displacement ampli-
tude along the air column when it vibrates in its fundamental mode. Label each displacement
node N and each displacement antinode A.

water

Jar B

ii. Is the frequency of the tone from jar A higher than, lower than, or the same as the frequency
of the tone from jar B?

Higher than Lower than The same as

Briefly justify your answer.

(b) Derive an expression for the fundamental frequency f of a jar in which the water has depth d.
Express your answer in terms of H, d, the speed of sound v, and physical constants, as appropriate.
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(c) With water of depth H/4 in a jar, the tone has frequency f1. Water is then added until the depth
is H/2.

i. Use your expression from part (b) to derive an expression for the new frequency in terms of

fi.

ii. A student says, “Doubling the depth of the water changes the frequency by a factor of 2.” Is

the student correct?
Yes No

Briefly explain your reasoning.

(d) The jars are taken into a warmer room, where the speed of sound in air is greater. The water depths
do not change. Does the frequency of the tone from jar B increase, decrease, or stay the same?

Increase Decrease Stay the same

Briefly justify your answer.

(e) When the student blows harder across jar B, a higher tone is heard, produced by the next standing-
wave mode of the air column above the fundamental. Determine the ratio of the frequency of this
tone to the fundamental frequency of jar B. Briefly explain how you determined it.
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11.3. (12 points, suggested time 25 minutes) Two musicians play together over the internet. The
sound of each musician’s instrument is converted to a digital signal that travels as pulses of light a length
L in a glass optical fiber to the other musician. Musicians who play together in one room already cope
with a delay: sound travels at speed vs in air, and players a few meters apart routinely play in time.
Light in the fiber’s core travels at speed ¢/n, where n is the index of refraction of the core. Treat the
signal as moving along the fiber at speed ¢/n. (Real connections add further delays in audio interfaces,
computer processing, and the internet links into each neighborhood and home. Ignore all of these delays
in this question.)

The figure shows a section of the fiber cut along its length. The core, of index n, is surrounded by a layer
of glass called the cladding, of index n¢. A ray of light in the core strikes the boundary between the core
and the cladding at an angle 6 from the normal.

cladding, n

|
|
I
I
| core, n
0

cladding, nq

(not to scale)

(a) i. For light in the core to be totally reflected at the boundary, must n. be greater than, less
than, or equal to n?

Greater than Less than Equal to

Briefly justify your answer.

ii. Derive an expression for the smallest angle # for which the ray is totally reflected at the
boundary. Express your answer in terms of n, n., and physical constants, as appropriate.

(b) Two musicians in one room stand a distance d apart. Derive an expression for the distance d for
which the time for sound to travel from one musician to the other equals the time for the signal to
travel the length L in the fiber. Express your answer in terms of L, n, vs, and physical constants,
as appropriate.
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(¢) Some newer fibers guide light through a hollow core filled with air, with an index of refraction very
close to 1. (These fibers guide light by a mechanism other than total internal reflection.) If the
signal instead traveled the same length L in a hollow-core fiber, would the distance d of part (b)
be greater than, less than, or the same as with the glass-core fiber?

Greater than Less than The same as

Briefly justify your answer.

(d) Musician A plays a note. Musician B plays a note as soon as she hears A’s note. A student says:

“Musician A hears B’s note only after the signal has traveled the length of the fiber
twice, so the delay A notices is twice as long. To give A the same delay in one room, the
musicians would have to stand 2d apart.”

Explain what is wrong with the student’s conclusion, and state the correct separation in one room.

(e) The signal travels 1,200 km in the fiber between the two musicians’ cities. (Fiber is laid along roads
and rail lines, so this length is greater than the straight-line distance between the cities, which here
is about 950 km.) The core of the fiber has index of refraction n = 1.47, and the speed of sound
in the room is 343 m/s. Calculate the time for the signal to travel this length in the fiber, and
calculate the separation d in one room that gives the same delay. Then calculate the length in the
fiber that gives the same delay as a separation of 8.0 m in one room.

(f) Instead of the fiber, the musicians could send the signal through a communications satellite in
geostationary orbit, about 36,000 km above Earth’s surface. The signal travels as radio waves at
speed ¢ from one musician up to the satellite and from the satellite down to the other musician.
Would the time for the signal to travel from one musician to the other be greater than, less than,
or the same as the time you calculated in part (e)?

Greater than Less than The same as

Briefly justify your answer.
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AP Physics 2 Chapter 12a: Electric charge, field, and potential

12a.1. (10 points, suggested time 20 minutes) The figure shows a map of equipotential lines in
a region of space where there is an electrostatic field. The charge that produces the field is outside the
mapped region. The lines are labeled with their potentials in terms of a positive constant Vj, and each
grid square represents 1 cm by 1 cm. Points P, Q, A, B, and C are marked. Path 1 and path 2 both go
from A to B.

(a) On the map, draw an arrow at point P and an arrow at point Q to represent the electric field at
those points. Draw the relative lengths of the arrows to show which field is stronger.

(b) A hand slowly moves a small object of charge +¢ from A to B along path 1. It then returns the
object to A and moves it from A to B along path 2.

i. Is the work done by the hand along path 2 greater than, less than, or the same as the work
done by the hand along path 17

Greater than Less than The same as

Briefly justify your answer.

ii. Derive an expression for the work done by the hand on the object as it is moved from A to B
along path 1. Express your answer in terms of ¢, Vj, and physical constants, as appropriate.

(c) An electron (charge —e, mass m) is released from rest at point C. Only the electric force acts on it.

i. On the map, draw an arrow at C showing the direction in which the electron begins to move.
Briefly justify your answer.

ii. Derive an expression for the speed of the electron when it reaches the line labeled 4Vj. Express
your answer in terms of e, m, Vj, and physical constants, as appropriate.
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12a.2. (10 points, suggested time 20 minutes) A conducting sphere of radius R has positive charge
Q. Point A is located on the surface of the sphere, point B is located at a distance 2R from the center
of the sphere, point C' is located at a distance 3R from the center of the sphere, and point D is located
at a distance 4R from the center of the sphere, with the center of the sphere and points A, B, C, and D
all lying on a single line. The electric potential V4 at position A is greater than the electric potential Vp
at position D by an amount AVp_, 4. Region I is between points A and B, region II is between points B
and C, and region III is between points C' and D.

Q

(a) Suppose it could be arranged for the electric field strengths only in region I to be doubled, or,
instead, for the electric field strengths only in region II to be doubled, or, instead, for the electric
field strengths only in region III to be doubled.

i. Explain how the potential difference across one of the regions depends on the electric field
strengths within that region, and how that potential difference changes if all the field strengths
within the region are doubled.

ii. In which one of the three regions should the electric field strengths be doubled to increase the
potential difference AVp_, 4 between positions D and A by the greatest amount?

Region I only Region II only Region III only

Briefly explain your reasoning.
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The apparatus is kept in its original configuration: none of the modifications offered in part (a) has been
applied. On the Internet, a student finds the following sketch of the strength of the electric field as a
function of distance r from the center of a conducting sphere.

E
A

; ; —> T
0 R 2R 3R 4R

(b) Regardless of whether the sketch is actually correct, is the sketch consistent with your reasoning in
part (a)?
Consistent Inconsistent

Briefly explain your reasoning.

On the Internet, the student also finds the following sketch of the kinetic energy K of a positively charged
particle released from rest just outside the conducting sphere, as a function of the particle’s distance r
from the center.

K
A

> T

0 R 2R 3R 4R

(¢) Regardless of whether the sketch is actually correct, is the sketch consistent with your reasoning in
part (a)?
Consistent Inconsistent

Briefly explain your reasoning.
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The particle in part (c) has positive charge ¢ and is released from rest just outside the sphere, at r = R.
The sphere is held fixed, and gravity is negligible.

(d) Derive expressions for the particle’s kinetic energy Kp as it passes point B and Kp as it passes
point D. Express your answers in terms of ¢, (), R, and physical constants, as appropriate. Then
determine what fraction of Kp the particle gains while crossing region I.

(e) On the axes below, sketch the particle’s kinetic energy K as a function of r from r = R to r = 4R.
Your sketch should be consistent with your answers to part (d).

K

A
A S S S S S T

0 R 2R 3R 4R
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AP Physics 2 Chapter 12b: Circuits and capacitors

12b.1. (12 points, suggested time 25 minutes) In the circuit below, an ideal battery of emf &
is connected in series with a switch S and a resistor of resistance R;. The other end of R; connects to
a resistor of resistance Ry and a capacitor of capacitance C, which are connected in parallel with each
other. The capacitor is initially uncharged. At time ¢ = 0, the switch is closed.

S R

AVAVAY;
E_—_ R2§ —__—C

(a) Is the current in resistor R; just after the switch is closed greater than, less than, or the same as
the current in Ry a long time after the switch is closed?

Greater than Less than The same as

Briefly justify your answer.

(b) Answer the following without deriving or manipulating equations.

i. Explain why, a long time after the switch is closed, the potential difference across the capacitor
is less than &.

ii. The circuit is rebuilt with the resistor Ry replaced by one of resistance 2Rs. Nothing else is
changed. Is the charge on the capacitor a long time after the switch is closed greater than,
less than, or the same as it was in the original circuit?

Greater than Less than The same as

Briefly explain your reasoning.

2026-10-03 00:05 New York time AP Physics 1 & 2 FRQ Bank Page 91/227 DAVIDLIAO.COM



(c) For the original circuit, derive an expression for the charge on the capacitor a long time after
the switch is closed. Express your answer in terms of £, Ry, Rg, C, and physical constants, as
appropriate.

entify the equation or step in your derivation in part (¢) that supports your reasoning in par

d) Identify th ti tep i derivation i t that t ing i t
(b)(ii). Do not simply restate your final answer from part (c¢). Explain how that equation or step
supports your reasoning.

(e) On the axes below, sketch the current I in resistor Ry as a function of time ¢, from ¢ = 0 until
a long time after the switch is closed. Label any values of current on the vertical axis that your
sketch reaches or approaches.

I
A

\J
~
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12b.2. (12 points, suggested time 25 minutes) Conductive dough is a soft, salty modeling dough
that conducts electric current. A student rolls one lump of the dough into a uniform cylinder, presses a
thin metal foil disk against each end, and measures the resistance between the disks. The student then

makes the claim below.

“Resistance is proportional to length. So if I roll this same lump into a cylinder twice as long,
its resistance will double.”

Available equipment: the lump of dough (volume V), a smooth tabletop, two foil disks, a meterstick,
calipers, a multimeter that can measure resistance, current, or potential difference, and connecting wires.

(a) Describe an experimental procedure the student could use to collect data to test the claim. Give
enough detail that another student could carry out your procedure, and state which equipment is
used to measure each quantity.

(b) Assume the dough is ohmic with resistivity p that does not depend on its shape. Derive an expression
for the resistance R of a uniform cylinder made from the whole lump, in terms of its length ¢, Vy,

p, and physical constants, as appropriate.
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The student rolls the lump, of volume Vy; = 8.0 x 1075 m?, into five cylinders of different lengths and

records the data below.

Trial

Length ¢ (m)

Resistance R (€2)

1

T W N

0.050
0.100
0.150
0.200
0.250

82
305
716

1238
1970

(c) Choose quantities to graph that should give a straight line if your expression from part (b) is correct.
Use the empty columns in the table if helpful. On the grid below, plot the data, label the axes with
quantities and units, choose scales, and draw a best-fit line.

(d) Do the data support the student’s claim?

Yes No

Briefly justify your answer by referring to the data.

(e) Use your best-fit line to determine the resistivity of the dough.
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AP Physics 2 Chapter 13: Magnetism

13.1. (10 points, suggested time 20 minutes) In a proton-therapy facility, charged particles that
start essentially at rest are accelerated through a potential difference V and then enter a region of
uniform magnetic field of magnitude B, directed into the page. Each particle enters the field region
moving perpendicular to the field and to the region’s straight boundary, and later leaves the field region.
The figure is not to scale; the field region is large enough to contain each path. A proton has charge +e¢
and mass m. An alpha particle has charge +2e and mass 4m.

entering particle X x X x X S
>

X X X X X X

X X X X X X

region of uniform B (into page)

(a) On the figure above, sketch the path of a proton inside the field region.

(b) Derive an expression for the radius r of the proton’s path. Express your answer in terms of m, e,
V', B, and physical constants, as appropriate.
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(¢) An alpha particle is accelerated through the same potential difference V' and enters the same field.
Is the radius of the alpha particle’s path greater than, less than, or the same as the radius of the
proton’s path?

Greater than Less than The same as

Briefly justify your answer.

(d) The potential difference is increased, so protons enter the field faster. Does the time a proton spends
in the field region increase, decrease, or stay the same?

Increase Decrease Stay the same

Briefly explain your reasoning.

(e) In one treatment setting, V = 2.0 x 10% V and B = 1.5 T. The mass of a proton is 1.67 x 10727 kg.
Calculate the following.

i. The speed of a proton as it enters the field region

ii. The distance between the point where the proton enters the field region and the point where
it leaves

iii. The time the proton spends in the field region
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13.2. (12 points, suggested time 25 minutes) Two long, straight single-conductor cables lie parallel
to each other on a workshop bench, a distance s apart. Each cable is part of a different direct-current
circuit, and the rest of each circuit is far away. Cable 1 carries a steady current I toward the right, and
cable 2 carries a steady current 31 toward the left, as shown in the top view below. The cables are much
longer than s. Ignore the Earth’s magnetic field.

I
—
cable 1
s
cable 2
H
37
(top view)

(a) What is the direction of the magnetic field produced by cable 1 at the location of cable 27

Toward the top of the page Toward the bottom of the page Into the page
Out of the page

(b) Do the cables attract each other, repel each other, or exert no magnetic force on each other?
Attract Repel No magnetic force

Briefly justify your answer.

A student makes the following claim:

“Cable 2 carries three times as much current as cable 1, and the magnetic force on a current-
carrying wire is proportional to the current. So the magnetic force that cable 2 exerts on
cable 1 is three times as large as the magnetic force that cable 1 exerts on cable 2.”

(¢) 1. Identify one aspect of the student’s claim that is correct, and briefly explain why it is correct.

ii. Identify one aspect of the student’s claim that is incorrect, and explain why it is incorrect.
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(d) Derive an expression for the magnitude of the magnetic force exerted on a length ¢ of cable 1 by
cable 2. Express your answer in terms of I, s, £, and physical constants, as appropriate.

(e) The cables are moved apart so that the distance between them is 2s, with the same currents. By
what factor does the magnitude of the force from part (d) change? Briefly justify your answer.

(f) The cables are returned to a distance s apart, with the same currents. Point P is on the bench
midway between the two cables. Derive an expression for the magnitude of the net magnetic field
at point P, and state its direction. Express your answer in terms of I, s, and physical constants,
as appropriate.
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AP Physics 2 Chapter 14: Electromagnetic induction

14.1. (10 points, suggested time 20 minutes) The apparatus below consists of a cylindrical bar
magnet, magnetized along its length, and a copper disk, mounted on a common axis. The magnet and,
separately, the disk can be spun about that axis using the attached handles. The supporting structures,
including the rods through the magnet and the disk, are made of an electrically insulating material. Two
dots are inked onto the copper disk, one at position A (near the center of the disk) and another at position
B (farther out from the center of the disk).

copper disk

handle
handle

For parts (a)—(e), the magnet is held still and the disk spins with constant angular speed w, counterclock-
wise as viewed from the handle at the right. Model the magnet’s field throughout the disk as uniform,
with magnitude B, pointing along the axis away from the magnet.

(a) Consider a free electron in the copper at a distance r from the axis. Derive an expression for the
magnitude of the magnetic force exerted on it, in terms of e, w, r, B, and physical constants, as
appropriate. Determine whether this force is directed toward or away from the axis.

(b) The free electrons move along the radius until the charge they rearrange produces an electric
field whose force on each free electron balances the magnetic force. Derive an expression for the
magnitude of this electric field at a distance r from the axis, in terms of w, r, B, and physical
constants, as appropriate. Determine whether the field points toward or away from the axis.
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(c) Dots A and B are at distances 74 and rp from the axis. The disk’s angular speed is doubled, with
everything else unchanged. Is the magnitude of the potential difference between dots A and B now
greater than twice, less than twice, or equal to twice its value at angular speed w?

Greater than twice Less than twice Equal to twice

Briefly explain your reasoning.

(d) Which dot is at the higher electric potential?
Dot A Dot B Neither; they are at the same potential

Briefly explain your reasoning.

(e) A third dot, C, is inked on the disk at a distance 3(ra + rp) from the axis, halfway between the
distances of A and B. Is the magnitude of the potential difference between dots A and C greater
than, less than, or equal to the magnitude of the potential difference between dots C and B?

Greater than Less than Equal to

Briefly explain your reasoning.
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Now the magnet and the disk can each be either stationary (not spinning) or in the midst of spinning
with constant angular velocity.

(f) For each of the scenarios in the table below, indicate whether a potential difference is being sustained
between inked positions A and B on the copper disk.

Magnet Disk Potential difference between dots A and B
Still Still _ Zero _____Nonzero
Still Spinning | Zero _ Nonzero

Spinning Still _ Zero _ Nonzero

Spinning | Spinning | _ Zero _ Nonzero

i. Briefly explain your choice for the scenario in which the magnet spins and the disk is still.

ii. Briefly explain your choice for the scenario in which both the magnet and the disk spin.
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14.2. (12 points, suggested time 25 minutes) Three loops are bent from the same kind of wire,
which has resistance A per unit length. Loop X is a square of side a. Loop Y is a rectangle 2a long
and a/2 high. Loop Z is a rectangle a/2 long and 2a high. Each loop is pulled to the right at the same
constant speed v into a region of uniform magnetic field of magnitude B directed into the page. The
figure shows the loops before they reach the field region; the loops are pulled one at a time. The field
region is large enough to contain each loop entirely.

field region

——> v (each loop)

(a) Rank the magnitudes of the emfs Ex, &, £z induced in the loops while each loop is partly inside
the field region. If any are equal, indicate that clearly.

Largest Smallest

Briefly justify your ranking.

(b) Derive expressions for the magnitudes of the currents Ix, Iy, and Iz in the loops while each loop
is partly inside the field region. Express your answers in terms of v, B, A, and physical constants,
as appropriate.
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(¢) Derive an expression for the magnitude of the force that must be exerted on loop X to keep it
moving at constant speed while it is partly inside the field region. Express your answer in terms of
a, v, B, A, and physical constants, as appropriate.

(d)  i. While loop X is partly inside the field region, is the induced current in loop X clockwise or
counterclockwise?

Clockwise Counterclockwise

Briefly justify your answer.

ii. Loop X keeps moving at speed v until it is entirely inside the field region. What is the current
in loop X then? Briefly justify your answer.

(e) Each loop is pulled at speed v from the moment its leading edge reaches the field region until it is
entirely inside the field region. Derive an expression for the total energy dissipated in loop Z during
this time. Express your answer in terms of a, v, B, A\, and physical constants, as appropriate.
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14.3. (10 points, suggested time 20 minutes) Two long, vertical metal rails a distance ¢ apart are
connected at the top by a resistor of resistance R. A horizontal metal rod of mass m rests across the
rails. The rod can slide up and down along the rails without friction, staying horizontal and in contact
with both rails. A uniform magnetic field of magnitude B is directed into the page throughout the region
shown. Points X and Y are on the wires at the two ends of the resistor. The rails and the rod have
negligible resistance, and air resistance is negligible. The rod is released from rest and falls.

R
X AaAA Y
X X X X X
v < 5¢ % < B into page
X X X X X
X X X X X
I 1O d
X X X X X
lv
X X X X X
X X X X X
Y4

(a) While the rod is falling, is the current in the resistor directed from X to Y or from Y to X?
From X to Y From Y to X

Briefly justify your answer.

(b) The rails are long enough that the rod eventually falls at a constant speed vy. Derive an expression
for vp. Express your answer in terms of m, ¢, B, R, and physical constants, as appropriate.

2026-10-03 00:05 New York time AP Physics 1 & 2 FRQ Bank Page 104/227 DAVIDLIAO.COM



(¢) On the axes below, the solid straight line shows the speed of an object that falls freely from rest.
Sketch the speed v of the rod as a function of time ¢, starting from the moment it is released.

v
A free fall
| | | | | | | | | | | | |
| | | | | | | | | | | | | |
L 2 T T o B
| | | | | | | | | | | | |
e 4 e e [ | A N |
| | | | | | | | | | | | | |
| | | | | | | | | | | | | |
UT’77\77T77771771’77\77T77\77‘\771’77\77777\77‘\
| | | | | | | | | | | | | |
| oL/ v _L____1____1
| | | | | | | | | | | | |
| | | | | | | | | | | | | |
F - -1 — L o R R i Al i B R i e i |
| | | | | | | | | | | | | |
| | | | | | | | | | | | |
2 e O e R B
| | | | | | | | | | | | | |
0 L L L L L L L L L L L L L \)t

(d) The rod has mass 0.020 kg, the rails are 0.50 m apart, B = 0.80 T, and R = 2.0 Q. Calculate
the rate at which energy is dissipated in the resistor while the rod falls at constant speed. Show
that this rate equals the rate at which the gravitational potential energy of the rod—Earth system
decreases.
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(e) The resistor is replaced with one of resistance 2R, and the experiment is repeated. Is the new
constant speed greater than, less than, or equal to vp?

Greater than Less than Equal to

Briefly justify your answer.

(f) The resistor is removed, leaving a gap between X and Y, and the rod is again released from rest.
While the rod falls, is the magnitude of its acceleration greater than, less than, or equal to g7

Greater than g Less than ¢ Equal to ¢

Briefly justify your answer.
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AP Physics 2 Chapter 15: Physical optics

15.1. (12 points, suggested time 25 minutes) Students shine a red laser of wavelength A = 650
nm onto a single human hair stretched vertically in front of the laser. The light forms a pattern of bright
and dark fringes on a wall a distance L from the hair. The dark fringes in the pattern produced by a
thin hair are at the same angles as the dark fringes in the pattern produced by a single slit whose width

equals the hair’s width a.

(a) The hair is replaced with a thicker hair. Does the width of the central bright fringe on the wall

increase, decrease, or stay the same?

Increase Decrease

Briefly justify your answer.

Stay the same

(b) Derive an expression for the distance W between the two first-order dark fringes, one on each side
of the central bright fringe. Assume that W is much smaller than L. Express your answer in terms

of A, L, a, and physical constants, as appropriate.

The students measure W for several distances L.

L (m)

1.0

1.5

2.0

2.5

3.0

W (mm)

16.6

24.1

32.8

39.8

49.2
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(¢) On the grid below, plot W as a function of L. Clearly scale and label all axes, and draw a best-fit
line.
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| | | | | | I | | | | | | I | | | |
T I N B
| | | | | | | | | | | | | | | | | |
T 7T 1" " " T T r T T T T T T T T T oA
| | | | | | | | | | | | | | | | | |
F—-t-—ft-— - 4-—-I——I——F~—-Fr—ft-t-4- - —I————F—+t~-1t—4
| | | | | | | | | | | | | | | | | |
F—-+—+—-4-d-—l——l——F bk -4+ -4+ —A—-—d——l—-—l——F—+—+—4
| | | | | | | | | | | | | | | | | |
e |
| | | | | | | | | | | | | | | | | |

| | | | | | | | | | | | | | | | | Ly,

>

(d) Use your best-fit line to determine the width a of the hair.

(e) A student suggests measuring the distance from the center of the pattern to one dark fringe, at only
one value of L, instead. Describe one way in which the students’ method reduces the uncertainty
in a compared with the suggested method.

(f) The red laser is replaced with a green laser of wavelength 532 nm. The same hair is used, and the
wall is 2.0 m from the hair. Calculate the distance W between the two first-order dark fringes that
the students should expect.
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15.2. (10 points, suggested time 20 minutes) A soap film (index of refraction 1.33) is held vertically
in a wire loop in air. Over time, the water drains downward, and the top of the film becomes much thinner
than the wavelengths of visible light. Viewed by reflected white light, the thinnest part of the film looks
black.

(a) Explain why the thinnest part of the soap film looks black in reflected light.

A glass lens (index of refraction 1.52) is given a clear coating (index of refraction 1.38) on its front surface.
Consider first a coating that, like the top of the soap film, is much thinner than the wavelengths of visible
light.

(b) Does this very thin coating look black in reflected light, as the thinnest part of the soap film does?
Yes No

Briefly explain your reasoning.

(c) The coating is instead given a thickness such that light of wavelength A (measured in air), striking
the lens at normal incidence, has as little reflection as possible. Derive an expression for the smallest
coating thickness that achieves this. Express your answer in terms of A\ and physical constants, as
appropriate.
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(d) The coating is made with the thickness from part (c¢) for A = 550 nm (green light). When white
light strikes the coated lens, the weak reflected light looks purple (a mixture of red and violet).
Explain why.

Return to the soap film. Below its thinnest part, the film gradually becomes thicker.

(e) Calculate the smallest film thickness at which light of wavelength 600 nm (measured in air), striking
the film at normal incidence, is reflected most strongly.
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AP Physics 2 Chapter 16: Geometric optics

16.1. (10 points, suggested time 20 minutes) A student holds a magnifying glass, a converging
lens of focal length f, between a bright window and a white wall. The window is a distance 3f from the
lens. The student moves the wall until a sharp image of the window forms on it.

(a) In the figure below, the arrow represents the window and the points marked F' are the focal points
of the lens. Draw a ray diagram to locate the image of the window. Draw the image.
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(b) Derive expressions for the distance from the lens to the wall and for the ratio of the image’s height
to the window’s height. Express your answers in terms of f and physical constants, as appropriate.
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(¢) On your ray diagram in part (a), draw one more ray from the top of the window: a ray that strikes
the lens below the axis, about halfway between the axis and the bottom edge of the lens. Continue
the ray beyond the lens.

(d) The student now covers the lower half of the lens with a piece of cardboard. The lens, window, and
wall do not move. What happens to the image on the wall?
_ The top half of the image disappears
__ The bottom half of the image disappears
_ The whole image remains, but it is dimmer
_ The image disappears

Briefly explain your reasoning. You may refer to your ray diagram.

(e) The cardboard is removed. The student moves the lens and the wall so that a sharp image on the
wall is the same size as the window. Derive expressions for the distance from the window to the
lens and the distance from the lens to the wall. Express your answers in terms of f and physical
constants, as appropriate.
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16.2. (12 points, suggested time 25 minutes) A coin lies on the bottom of a mug of tea. The tea
has depth d and index of refraction n > 1. A person looks down at the coin from almost directly above.

(a) In the figure below, draw a ray of light that leaves the coin and reaches the eye. Your ray should
show what happens at the surface of the tea, relative to the dashed normal line. Indicate the
direction in which the light travels.

& eye

normal

coin

A student says:

“When the light leaves the tea, it changes speed, so it bends toward the normal. Then the
coin’s image is lower than the coin, so the coin looks deeper than it really is.”

(b)  i. Identify one aspect of the student’s statement that is correct, and briefly explain why it is
correct.

ii. Identify one aspect of the student’s statement that is incorrect, and explain why it is incorrect.

2026-10-03 00:05 New York time AP Physics 1 & 2 FRQ Bank Page 113/227 DAVIDLIAO.COM



(c¢) Derive an expression for the apparent depth of the coin, as seen from almost directly above. Express
your answer in terms of d, n, and physical constants, as appropriate. (For small angles, sinf ~
tanéd.)

(d) The tea is replaced with the same depth of oil, which has a greater index of refraction than tea. Is
the apparent depth of the coin greater than, less than, or the same as with the tea?

Greater than Less than The same as

Briefly justify your answer.

(e) Treat the coin as a point at the bottom of the tea. Some of the light from the coin strikes the
surface of the tea and does not leave the tea. Derive an expression for the radius of the circular
region of the surface, centered directly above the coin, through which light from the coin can leave
the tea. Express your answer in terms of d, n, and physical constants, as appropriate.
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16.3. (12 points, suggested time 25 minutes) A person of height H stands a distance D in front of
a vertical wall, facing it. Her eyes are a height h above the floor. She wants to hang a flat (plane) mirror
on the wall so that she can see her whole body, from the top of her head to her feet, in the mirror. The
figure shows the person (the vertical line) and the wall from the side.

top of head

I A | |

(a) On the figure, draw a ray of light that travels from the person’s feet, reflects from the wall, and
reaches her eye. Also draw a ray that travels from the top of her head, reflects from the wall, and
reaches her eye. Then draw a bracket along the wall to mark the shortest section of wall that the
mirror must cover for her to see her whole body.

(b) Derive expressions for the smallest height the mirror can have and for the height of the mirror’s
bottom edge above the floor. Express your answers in terms of H, h, D, and physical constants, as
appropriate.

(c) The person backs away from the wall until she is a distance 2D from it. Is the smallest mirror
height that lets her see her whole body now greater than, less than, or the same as before?

Greater than Less than The same as

Briefly justify your answer.
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The person also uses a small concave makeup mirror of focal length f. She holds her face a distance f/2
in front of it. In the figure below, the arrow represents her face, and the points marked F and C are the
focal point and the center of curvature of the mirror.
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(d) On the figure, draw a ray diagram to locate the image of the face formed by the mirror. Draw the
image.

(e) Derive an expression for the distance between the image and the mirror, and state whether the image
is in front of or behind the mirror. Also derive an expression for the ratio of the image’s height to
the face’s height. Express your answers in terms of f and physical constants, as appropriate.
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(f) The person moves her face away from the makeup mirror until it is a distance 3 f/4 from the mirror.
Is the height of the image now greater than, less than, or the same as the height of the image in
part (e)?

Greater than Less than The same as

Briefly justify your answer.

(g) The concave mirror is replaced with a convex mirror whose focal length has the same magnitude,
f. The face is again a distance f/2 from the mirror. Is the height of the image greater than, less
than, or the same as the height of the face?

Greater than Less than The same as

Briefly justify your answer.
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16.4. (12 points, suggested time 25 minutes) A room has a frosted-glass window 1.20 m wide in
one wall. Sunlight outside makes the frosted glass glow uniformly, so every point of the window sends
light in all directions into the room. A tall, thin, opaque board 0.80 m wide stands parallel to the window
wall, centered in front of the window, 1.00 m from it. The far wall of the room is parallel to the window
wall and 2.00 m from it. The window, the board, and the room are much taller than they are wide, so a
top view shows everything that matters. The figure shows the top view; each grid square is 0.20 m on a
side. Ignore light reflected from any surface.
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(a) On the figure, draw the rays needed to locate the boundaries of the shadow regions on the far wall.
Then, along the far wall, label each region with a letter:

e I (full shadow): no light from the window reaches it.
e P (partial shadow): light from part of the window, but not all of it, reaches it.
e L (fully lit): light from every part of the window reaches it.
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(b) Using geometry (not a measurement of your drawing), calculate the width of the full-shadow region
on the far wall and the width of each partial-shadow region on the far wall.

(c) Model the brightness of a point on the far wall as proportional to the width of the window that can
be seen from that point. On the axes below, sketch the brightness of the far wall as a function of
position y along the wall, where y = 0 is the point directly behind the center of the board. By is
the brightness of a point from which the whole window can be seen.

brightness
A
A e B e Ay A S R
O S N
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-16 -12 —08 —04 0 04 08 12 16

(d) The board is moved toward the far wall until it is 1.50 m from the window wall. It stays parallel to
the window wall and centered in front of the window. Is the width of each partial-shadow region
on the far wall now greater than, less than, or equal to its width in part (b)?

Greater than Less than Equal to

Briefly explain your reasoning.
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(e) The board is removed. In its place, a tall, thin, flat opaque strip 0.20 m wide, parallel to the
window wall, is centered in front of the window, 1.00 m from the window wall. Behind the strip is
a region of the room that receives no light from the window. Calculate the greatest distance from
the window wall at which a point in this region can be found. Does the far wall have a full-shadow
region? Justify your answer.

(f) The strip is removed, and the board is returned to its original position, 1.00 m from the window
wall. A curtain is drawn across the window, leaving uncovered only a very narrow vertical strip at
the center of the window. Is the width of the region of the far wall that receives no light from the
window now greater than, less than, or equal to the width of the full-shadow region in part (b)?

Greater than Less than Equal to

Briefly explain your reasoning.
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AP Physics 2 Chapter 17a: Quantum physics

17a.1. (12 points, suggested time 25 minutes) Students connect each of five light-emitting diodes
(LEDs) of different colors, one at a time, to a variable power supply. For each LED, they slowly increase
the potential difference across it and record the turn-on voltage Vi, at which it first visibly glows. The
wavelength A\ of each LED’s light is printed on its package. Model each LED this way: when it glows,
each electron that crosses the LED loses energy eV, and this energy produces one photon.

(a) Using this model and energy conservation, derive an expression for V,, in terms of the frequency f
of the LED’s light and physical constants.

Color | A (nm) | Vo (V)
Red 630 1.99
Orange 605 2.03

Yellow 590 2.10
Green 525 2.40
Blue 470 2.61

(b) Use the empty column in the table to record a quantity that, graphed against V;,, will produce a
straight line whose slope can be used to determine Planck’s constant. Label the column, including
units.
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Clearly scale and label all axes,
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(¢) On the grid below, plot V;, against the quantity from part (b).
and draw a best-fit line.

(d) Use your best-fit line to determine a value for Planck’s constant.

(e) The students also have an LED labeled 400 nm. Predict its turn-on voltage. Then state whether

its light would have more or less energy per photon than the red LED’s light, and briefly explain

why.
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17a.2. (10 points, suggested time 20 minutes) The atoms of a gas in a discharge lamp have only
the three energy levels shown below. When the lamp is on, atoms are excited to both upper levels, and
the lamp emits light at exactly three wavelengths, labeled by the transitions that produce them: 3 — 1,
2—1,and 3 — 2.

Level 3: —1.0 eV

Level 2: —2.0 eV

Level 1: —5.0 eV

(a) Rank the wavelengths of the three emitted lines, from longest to shortest. If any are equal, indicate
that clearly.
Longest Shortest

Briefly justify your ranking.

(b) Calculate the wavelength of the 3 — 1 line.
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Light from the lamp passes through a cool cloud of the same kind of atoms. In the cloud, essentially
every atom is in level 1. A spectrometer on the far side of the cloud records which of the lamp’s three
lines are dimmed.

(¢c) i. Is the 2 — 1 line dimmed after passing through the cloud?
Yes No

Briefly explain your reasoning.

ii. Is the 3 — 2 line dimmed after passing through the cloud?
Yes No

Briefly explain your reasoning.
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(d) The spectrometer is moved so that it views the cloud from the side, where no light comes to it
directly from the lamp. Check every line that the spectrometer detects coming from the cloud.

3—1 2—1 33— 2

Briefly explain your reasoning.

(e) The lamp is turned off. A beam of electrons, each with kinetic energy 3.5 eV, is sent through the
cool cloud, in which essentially every atom is in level 1. Determine all the possible kinetic energies
of an electron just after a single collision with one atom. Justify your answer.

(f) Calculate the longest wavelength of light that can ionize an atom in the cool cloud, removing its
electron completely.
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17a.3. (12 points, suggested time 25 minutes) A Rydberg atom is an atom in which one electron
has been excited to a level with a very large value of the quantum number n. Consider a rubidium atom.
Its nucleus contains 37 protons. Of its 37 electrons, 36 are in inner shells close to the nucleus, and one,
the outer electron, is farther out. In a Rydberg atom of rubidium, the outer electron is excited to a level
with n near 50, so that it is very far outside the inner shells, as shown in the figure (not to scale).

outer electron

inner electrons

nucleus

The Bohr model of an ion with a single electron orbiting a nucleus of charge +Ze gives the energy levels

and orbit radii
(13.6 eV)Z2 (0.0529 nm) n?

En — _7,”/2 y Tn = Z

In this question, use these expressions to model the outer electron of a Rydberg atom of rubidium.

(a) What value of Z should be used to model the outer electron? Explain your reasoning.

(b) Calculate the frequency of the photon emitted when the outer electron makes a transition from
n = 51 to n = 50. State the region of the electromagnetic spectrum in which this photon lies.
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(c) Calculate the orbit radius of the outer electron for n = 50. In air at room temperature and
atmospheric pressure, the average distance between neighboring molecules is about 3 nm. Explain
why experiments with Rydberg atoms are done with gases at very low pressure.

(d) A student says, “The energy levels are proportional to 1/n%. If n is doubled, every energy is divided
by 4, so the photon emitted in a transition from n = 101 to n = 100 has about i the energy of the
photon emitted in a transition from n = 51 to n = 50.” Calculate the energy of the photon emitted
in a transition from n = 101 to n = 100, and use it to evaluate the student’s claim. If the claim is
incorrect, explain the flaw in the student’s reasoning.
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(e) In the lowest-energy state of a rubidium atom, the outer electron is in the level n = 5. The measured
energy of the outer electron in this state is —4.18 eV. In a real atom, the outer electron in a low-n
state does not stay at one distance from the nucleus; it spends part of its time among the inner
electrons. Calculate the energy that the model predicts for n = 5. Identify which assumption from
your reasoning in part (a) fails for n = 5, and explain why the measured energy differs from the
model’s prediction in the way that it does.
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AP Physics 2 Chapter 17b: Subatomic physics

17b.1. (10 points, suggested time 20 minutes) A polonium-210 nucleus, 2§2P0, at rest undergoes
alpha decay. The tables below give the atomic numbers of several elements and the atomic masses of
several isotopes. Use 1 u = 931.5 MeV/c?.

: Isotope Atomic mass (u)
Element Atomic number Z -
Helium-4 4.002603
Mercury (Hg) 80
- Mercury-206 205.977514
Thallium (T1) 81 -
Thallium-206 205.976110
Lead (Pb) 82
- - Lead-206 205.974465
Bismuth (Bi) 83
- Lead-210 209.984188
Polonium (Po) 84 -
Bismuth-210 209.984120
Astatine (At) 85 :
Polonium-210 209.982874

(a) Identify the nucleus produced in this decay, including its element, its atomic number, and its mass
number. Explain how you determined each number.

(b) Calculate the energy released in this decay, in MeV.
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After the decay, the alpha particle and the nucleus produced in the decay move apart.

(c) Is the kinetic energy of the alpha particle greater than, less than, or the same as the kinetic energy
of the nucleus produced in the decay?

Greater than Less than The same as

In a clear, coherent, paragraph-length response that incorporates physics principles, explain your
reasoning.

(d) Calculate the kinetic energy of the alpha particle, in MeV. Assume that all of the energy released
in the decay becomes kinetic energy of the alpha particle and the other nucleus.
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(e) The polonium-210 found in nature is produced by the beta-minus decay of another nucleus. Which

nucleus decays to 2§2P0 by beta-minus decay?

Lead-210 Bismuth-210 Astatine-210 Lead-206

Briefly explain your reasoning.
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17b.2. (12 points, suggested time 25 minutes) Technetium-99m (Tc-99m) is a radioactive isotope
used in medical imaging. A hospital obtains it from molybdenum-99 (Mo-99), which undergoes beta-
minus decay to produce Tc-99m. The atomic numbers of several elements are given below.

Element Niobium (Nb) | Molybdenum (Mo) | Technetium (Tc) | Ruthenium (Ru)
Atomic number Z 41 42 43 44

(a) Write the nuclear equation for the beta-minus decay of $9Mo that produces Tc-99m, showing the
mass number and atomic number of each particle. (In the equation, write Tc-99m in the form 4Tc.)
Explain how conservation laws determine the mass number and atomic number of the technetium
nucleus.

(b) A Tc-99m nucleus decays by emitting a single gamma-ray photon and no other particle. How do
the atomic number Z and mass number A of the nucleus that remains compare with those of the
Tc-99m nucleus?

Same Z, same A Z greater by 1, same A
Same Z, A less by 1 Z less by 1, same A

Briefly explain your reasoning.
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A technician checks a vial labeled “T'c-99m” by placing it at a fixed distance from a radiation counter and
recording the number of counts in one minute every 3 hours. With no sample present, the counter records
a steady background count rate of 120 counts per minute, which comes from sources other than the vial.
The technician’s measurements are shown below. Because radioactive decay is a random process, the
count rates scatter about a smooth curve.

Time ¢ (h) | Count rate (counts/min)
0 1070
3 814
6 626
9 452
12 366
15 267
18 243
21 215
24 179

(¢) Use the empty column in the table to record the count rate due to the sample alone. Label the
column, including units.

(d) On the grid on the next page, plot the count rate due to the sample alone as a function of time.
Clearly scale and label all axes, and draw a smooth best-fit curve.
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A

(e) Use your curve to determine the half-life of the sample. Show on your graph how you obtained your

value. Is your value consistent with the half-life of Tc-99m, 6.0 h?
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(f) Another student graphs the count rates exactly as the technician recorded them. That student
notes that the count rate falls from 1070 counts/min to half of that value in about 7.5 h, and
concludes that the vial must contain some other isotope with a longer half-life. Is the student’s
conclusion supported by the data?

Yes No

Briefly explain your reasoning.

(g) A patient’s scan requires a dose of Tc-99m with an activity of 740 MBq (740 million decays per
second) at the time of injection. The dose is prepared 12 hours before the injection. Using a half-life
of 6.0 h, calculate the activity the dose must have when it is prepared.
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AP Physics 2 Chapter 18a: Ideal gases and kinetic theory

18a.1. (10 points, suggested time 20 minutes) A sealed glass bulb contains equal numbers of
helium atoms and xenon atoms. A xenon atom has about 33 times the mass of a helium atom. The bulb
has been sitting in a room for a long time, so the gas mixture is in thermal equilibrium at the room’s

temperature. Treat the mixture as an ideal gas.

(a) Is the average translational kinetic energy of a helium atom greater than, less than, or the same as
that of a xenon atom?
Greater than Less than The same as

Briefly justify your answer.

(b) Derive an expression for the ratio of the root-mean-square speed of the helium atoms to the root-

mean-square speed of the xenon atoms.

(c¢) Consider a typical helium atom and a typical xenon atom moving at their root-mean-square speeds.
Explain how the change in momentum of a helium atom when it strikes a wall compares with that
of a xenon atom, and how often a helium atom strikes the walls compared with a xenon atom.
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(d) Is the part of the gas pressure due to collisions of helium atoms with the walls greater than, less
than, or the same as the part due to collisions of xenon atoms with the walls?

Greater than Less than The same as

Briefly explain your reasoning in terms of the collisions of atoms with the walls.

(e) The bulb has an internal volume of 0.50 L, the room temperature is 20°C, and the total pressure
of the gas mixture is 1.0 x 10° Pa. Calculate the number of helium atoms in the bulb.

(f) The bulb develops a tiny pinhole, and atoms slowly escape into the room through it. As this
happens, does the ratio of the number of helium atoms to the number of xenon atoms in the bulb
increase, decrease, or stay the same?

Increase Decrease Stay the same

Briefly explain your reasoning.
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18a.2. (12 points, suggested time 25 minutes) Students trap a sample of air in a greased glass
syringe by sealing its tip. The plunger slides freely without leaking, so the trapped air stays at atmospheric
pressure. The students place the syringe in a series of water baths at different temperatures and read the

volume of the trapped air from the syringe’s scale.

(a) Describe two steps the students should take to make each volume reading reliable.

Bath temperature 7' (°C) | 5 25 | 45 | 65 | 85
Volume V (mL) 20.4 | 21.7 | 23.4 | 24.7 | 26.3

(b) Using the ideal gas law, explain why the volume of the trapped air should be a linear function of
its temperature in degrees Celsius.
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(¢) On the grid below, plot V' as a function of 7" in degrees Celsius. Choose scales so that you can
extend a best-fit line to V' = 0. Draw the best-fit line and extend it.
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(d) On your graph, mark the point where your extended line reaches V' = 0. Use your line to estimate
the temperature, in degrees Celsius, at which the volume of the trapped air would be zero. Then
use the ideal gas law to explain what this temperature represents.

(e) The experiment is repeated with twice as much air trapped in a larger syringe. Would the temper-
ature found in part (d) be greater than, less than, or the same as before?

Greater than Less than The same as

Briefly justify your answer.

(f) Atmospheric pressure is 1.0 x 10° Pa. Use the data to calculate the number of moles of air trapped
in the syringe in the original experiment.
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18a.3. (12 points, suggested time 25 minutes) A sealed container holds a mixture of helium atoms
and krypton atoms. A krypton atom has about 21 times the mass of a helium atom. The container
has been in a room for a long time, so the mixture is in thermal equilibrium at the room’s temperature,
300 K. Treat the mixture as an ideal gas.

The graph shows the distribution of speeds of all the atoms in the container. For any range of speeds,
the area under the curve over that range equals the fraction of all the atoms in the container that have
speeds in that range. The total area under the curve is 1.
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(a) Is the average translational kinetic energy of a helium atom greater than, less than, or the same as
that of a krypton atom?

Greater than Less than The same as

Briefly justify your answer.

(b) Which peak of the graph is due mostly to the helium atoms?
The left peak The right peak

Briefly justify your answer.
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(c) For a gas of one kind of atom, the speed at the peak of the distribution is proportional to the
root-mean-square speed of the atoms. Using the masses of the atoms, derive the predicted ratio
of the speed at the peak due to the helium atoms to the speed at the peak due to the krypton
atoms. Then use the graph, together with your answer to part (b), to determine this ratio, and
state whether the two values agree.

(d) A student says, “The left peak is about three times as tall as the right peak, so the container holds
more of the kind of atom that makes the left peak.”

i. Explain what, if anything, is wrong with the student’s reasoning.

ii. Does the container hold more of the kind of atom that makes the left peak, more of the kind
that makes the right peak, or equal numbers of each?

More left-peak atoms More right-peak atoms Equal numbers

Briefly explain how the graph supports your answer.
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(e) The mass of a helium atom is 6.65 x 10727 kg. Calculate the root-mean-square speed of the helium
atoms in the container. Compare your result with the speed at the peak due to the helium atoms,
and explain why the two speeds differ in the way that they do.

(f) The container is heated until the mixture is in equilibrium at 600 K. On the graph below, which
repeats the 300 K curve, sketch the distribution of speeds at 600 K.
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AP Physics 2 Chapter 18b: Thermodynamics

18b.1. (10 points, suggested time 20 minutes) A sample of monatomic ideal gas is sealed in a
cylinder by a movable piston. Initially, the gas has pressure Py, volume V, and temperature Ty. Two
separate trials start from this same initial state.

e Process A: The gas is heated slowly while the pressure stays constant, until its volume is 2Vj.
e Process B: The cylinder sits in a large water bath that keeps the gas at temperature Ty, and the

piston is pulled out slowly until the volume is 2Vj.

(a) On the axes below, the initial state is marked with a dot. Sketch and label process A and process
B.

(b) What is the final temperature of the gas in process A? Express your answer in terms of Tp, and
justify your answer.

(¢c) How does the work done by the gas in process A compare with the work done by the gas in process
B? Explain your reasoning by referring to your graph in part (a).
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(d) The temperature of the gas does not change during process B. Explain why energy must nevertheless
be transferred to the gas by heating during process B.

(e) In which process, if either, is more energy transferred to the gas by heating?
Process A Process B The same in both

Briefly explain your reasoning.

(f) Derive an expression for the energy transferred to the gas by heating during process A. Express
your answer in terms of Py, Vj, and physical constants, as appropriate.
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18b.2. (10 points, suggested time 20 minutes) Two identical rigid canisters each contain the same
amount of the same gas. Canister X is brought to a higher temperature Ty, and canister Y is kept at a
lower temperature T. The canisters are insulated from the rest of the world, except that when they are
brought together, they are in thermal contact with each other.

(a) When the canisters are brought into contact, does thermal energy, on average, flow from canister
X to canister Y, from canister Y to canister X, or neither way?

From X to Y From Y to X Neither way

Briefly explain your reasoning in terms of entropy. (Do not rely on the statement that heat flows
from a hotter object to a colder one; that is what is to be explained.)

(b) A long time after contact is established, is the entropy of canister X greater than, less than, or
equal to its entropy just before contact?

Greater than Less than Equal to

Briefly explain your reasoning.

(¢) Once the canisters reach a common temperature, thermal energy no longer flows, on average, in
either direction. Explain why, in terms of entropy.
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For parts (d)—(f), each canister contains 0.20 mol of a monatomic ideal gas, Ty = 400 K, and T¢ = 300
K. The canisters themselves absorb a negligible amount of energy.

(d) Calculate the energy transferred from one canister to the other between the moment of contact and
the time the canisters reach a common temperature.

(e) When a canister’s temperature changes by only a small fraction of its value, the canister’s change
in entropy is approximately AS ~ Q/Tavg, where @ is the energy transferred to the canister by
heating and Ty, is the average of its initial and final temperatures. Use this to calculate the change
in entropy of each canister and the change in the total entropy of the two canisters.

(f) The experiment is repeated with Ty = 500 K and T¢ = 400 K, so that the temperature difference
is again 100 K. Is the change in the total entropy of the two canisters greater than, less than, or
equal to the change in part (e)?

Greater than Less than Equal to

Briefly explain your reasoning.
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18b.3. (12 points, suggested time 25 minutes) A sample of monatomic ideal gas in a demonstration
engine is taken around the cycle A-B—C—D—A shown on the pressure-volume graph below.

P

A
3}57777777777777777777h
op | Ay B

(a) Derive an expression for the net work done by the gas during one complete cycle. Express your
answer in terms of Py and Vj.

A student says:

“After one cycle the gas is back in state A, so its internal energy hasn’t changed. So the net
energy transferred to the gas by heating during the cycle must be zero.”

(b)  i. Identify one aspect of the student’s statement that is correct, and briefly explain why it is
correct.

ii. Identify one aspect of the student’s statement that is incorrect, and explain why it is incorrect.
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(c¢) Derive an expression for the energy transferred to the gas by heating during process A—B. Express
your answer in terms of Py and Vj.

(d) Derive an expression for the energy transferred to the gas by heating during process B—C. Express
your answer in terms of Py and Vj, and indicate whether this energy is transferred into or out of
the gas.

(e) Rank the temperatures T4, T, Tc, and Tp of the gas in the four states. If any are equal, indicate
that clearly.

Highest Lowest
Briefly justify your ranking.

2026-10-03 00:05 New York time AP Physics 1 & 2 FRQ Bank Page 148/227 DAVIDLIAO.COM



AP Physics 1: Scoring Guidelines

Prepared with assistance from Claude, an Al model made by Anthropic. “Example response” entries show one
acceptable response, not a required one. Trap notes tell the tutor what a careless or pattern-matching reader is
likely to write. Numerical answers in these guidelines use g = 9.8 m/ 82; answers that use g = 10 In/s2 earn full
credit unless the question specifies 9.8.

Chapter 1: One-dimensional kinematics

Question 1.1 (Two-phase toy car, page 6) 12 points

(a)(i) 1 point
For the estimate vy AtTor with the correct reasoning that the car moves at vy for nearly all of 1 point
Atror, and displacement is velocity times duration (no credit for this part without the correct

estimate)

Ezxample response: viAttor. The first phase takes up nearly all of the total time, so the car moves at v;
almost the whole time, and its displacement is that velocity times the total time.

(a)(ii) 1 point
V1 + Vo

For the estimate Atror with the correct reasoning that nearly all of Atpor is spent 1 point

speeding up uniformly from v; to vg, and for constant acceleration the average velocity is the

mean of the initial and final velocities, % (no credit for this part without the correct estimate)

Example response: %AtTOT. Almost all of the time is spent speeding up steadily from v; to vy. With
constant acceleration the average velocity is halfway between, so the displacement is that average times the
total time.

Trap: Writing voAtror (the final velocity) or %a At? (which assumes a start from rest).

(b) 2 points
For a horizontal segment at height v; from ¢t = 0 to ¢t = At;, with endpoint values labeled 1 point

For a straight sloped segment from (Aty,v1) to (Attor,ve) (or Aty + Ats), with endpoint values 1 point
labeled

A

V2

U1

Courtesy figure. Points attach to the features described in words.

(c) 3 points

For using a kinematics relationship (an equation or the area under the graph) to get the first-phase 1 point

displacement vy Aty

For using a kinematics relationship to get the second-phase displacement %Atz 1 point
V1 + V2

For combining them and eliminating Aty = Atror — At1: Ax = v Aty + (Attor — At1) 1 point
Vg —

Equivalent forms earn full credit, for example %ﬂAtTOT — 25 ALy . A second-phase displacement written

as v1 Aty + %aAt% earns the second point only if a is then replaced with ”E;’l , since a s not one of the allowed

quantities.
(d) 1 point
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For selecting “Yes” and correctly explaining from the equation that as At; — 0, both the term 1 point
v1Aty and the —At; inside the parentheses go to zero, leaving %AtTOT, which matches (a)(ii)

(no credit for this part without the correct selection)

The correct selection is judged against the student’s own work: “No” earns the point if the student’s equation
in (¢) really does disagree with the student’s answer in (a)(ii) and the explanation shows why.

(e) 1 point
For selecting “a; < ar” and correctly explaining that the displacement is the area under the 1 point
velocity—time graph and must be the same in both trials, with both graphs ending at vo at AttoT;

keeping the same acceleration with a higher v; would add area, so to restore the area the sloped

segment through that fixed end point must start later and be steeper, which is a larger acceleration

(no credit for this part without the correct selection)

An algebraic explanation also earns the point if it shows that the acceleration needed grows as vi grows (see
(f)). Reasoning only that “the car reaches va in a shorter time” is incomplete, because the change in velocity
v — v1 1§ also smaller; it does not earn the point.

Ezxample response: The displacement is the area under the velocity—time graph, and it has to be the same in
both trials. Both graphs end at the same point, vy at Atror. If the second trial kept the same acceleration,
its sloped segment would lie on the same line as before, and the graph would differ only by the higher flat
segment at the start, so the area would be larger. To bring the area back down while still ending at the same
point, the car has to keep its starting speed longer and then speed up along a line that starts later and is
steeper. A steeper line on a velocity—time graph is a larger acceleration, so a; < ary.

Trap: “a; > ar: the car starts closer to v, so it needs less acceleration.” That would be true for a fixed
second-phase duration, but the duration is not fixed here; the fixed displacement controls it.

() 3 points
For a displacement relationship that includes the second-phase duration Ats and eliminates Aty = 1 point
Atror — Ata, for example Az = vy (Atror — Ats) + ”1;”2 Aty = v1Atrot + %(02 —v1)Aty (from

the equation in (c) or the area under the graph in (b))

— 2 (Ax — v At
For using a = UQAt Y and eliminating Ats, for example with Aty = (Az — v Atror) 1 point
2 L
SN2
For a = 5 (v2 —v1) 1 point

(A.’K — UlAtTOT)
Equivalent forms earn full credit. A route through v = v? + 2a Azy with Azy = Az — vi Aty also works if
Aty is then eliminated.

Question 1.2 (Braking car, page 9) 7 points

(a) 3 points
For reasoning that the car is moving more slowly throughout the second interval than throughout 1 point
the first: every speed in the second interval is below v/2; and every speed in the first is above it

For reasoning that the two intervals last equally long, because with constant acceleration the speed 1 point
drops at a constant rate and drops by v/2 in each interval

For a logical, relevant paragraph that combines these ideas (a slower car moving for the same 1 point
time covers less distance) to conclude that the displacement is less in the second interval, without
contradictory or incorrect statements

Ezample response: The acceleration is constant, so the car loses speed at a steady rate. It loses v/2 of speed
in the first interval and another v/2 in the second, so the two intervals take the same time. During the first
interval the car is always moving faster than v/2, and during the second it is always moving slower than v/2.
Moving more slowly for the same amount of time, it covers less distance in the second interval.

The answer blanks are not scored. An explanation that compares speeds but not durations earns only the first
point: a slower car can cover more distance if it travels for longer. An energy route earns the first two points:
the braking force is constant, so the distance traveled in each interval is proportional to the kinetic energy lost
in it; kinetic energy depends on the square of the speed, so at v/2 the car has i of its original kinetic energy,
and it loses % of it in the first interval and only i in the second.

Trap: “The same: half the speed is lost in each half.” Losing equal amounts of speed takes equal times, not
equal distances.
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(b) 2 points

For a straight line with negative slope from v at ¢ = 0 to zero at tsrop 1 point
For labels showing v/2 reached at t; /o located halfway between ¢ = 0 and tsTop 1 point
Vz

v/277

Courtesy figure. Points attach to the features described in words.

(c) 2 points
For correct expressions for both displacements by any valid kinematics. Examples: with ¢;,, = 1 point
%tSTop established (from v, = v + a,t with constant a,, or from the straight-line graph), Az, =

#tl/g = 30ty)5 and Azy = U/22+0 ti/2 = tvti9; the trapezoid and triangle areas under the
graph in (b); Az = vot + Ja,t? for each interval; or v2 = vZ; + 2a, Az for each interval, giving
2 2 2
Ay = BT~ gy = B i, <0
Az 1 ’ ’ )
For the ratio — = — 1 point
A.’L‘l 3

No particular method is required. A ratio that is inverted (3) earns 1 of 2.

Trap: Answering %: that is the second displacement as a fraction of the total stopping distance, not of the
first displacement.

Question 1.3 (Race to the finish line, page 10) 7 points

(a) 3 points
Correct selection: “Greater than.” No point is awarded for the selection itself.

For reasoning that average xz-velocity is x-displacement divided by the time interval, and that the 1 point
interval is the same for both cars because the race ends, for both, at the instant Car A crosses the

finish line

For reasoning that at that instant Car B has not yet reached the finish line, so its displacement is 1 point
smaller than Car A’s, and concluding from the same time interval that Car A’s average x-velocity

is greater

For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point
statements

Example response: Average z-velocity is displacement divided by elapsed time. The race lasts until Car A
crosses the finish line, so the elapsed time is the same for both cars. At that moment Car B hasn’t reached
the finish line yet, so its displacement is smaller, and so is its average x-velocity.

Trap: “The same, because both cars cover the whole track,” or reasoning from Car B’s later finishing time.
The race (and the interval) ends when Car A finishes; Car B’s own finish is not part of it.

(b) 4 points
For two graphs starting at = 0, ¢ = 0 that become straight lines almost at once (constant 1 point
velocity)

For Car A’s line steeper than Car B’s 1 point
For both graphs ending at the same time, labeled tgnp 1 point
For Car A’s graph ending at the labeled position zr, with Car B’s ending below it 1 point
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Courtesy figure. Points attach to the features described in words.

Chapter 2: Vectors and two-dimensional kinematics
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Question 2.1 (Cannonball from a cliff, page 11) 7 points

(a) 6 points
Correct answer: “Less than doubled.” The points describe one line of reasoning; an algebraic route through

vyo + 1/ Voo + 29H
t =

that explains why doubling vyo less than doubles t (for example, ,/41)50 +2gH <
g

24 /”20 + 2gH) earns the corresponding points. A route through the greatest height also earns the second

through fifth points if each step is explained: the rise time doubles; the greatest height above the launch point,
h', quadruples, so the greatest height above the ocean goes from H + h' to H + 4h', which is less than four
times as great; the fall from rest through that height takes a time proportional to the square root of the height,
so the fall time less than doubles; a doubled rise time plus a less-than-doubled fall time is less than double the
total. No particular method is required. The answer blanks are not scored.

For reasoning that the time of flight is set by the vertical motion alone, and that with the direction 1 point
unchanged, doubling the launch speed doubles the vertical component of the launch velocity

For reasoning that the time to rise and come back down to the launch height is proportional to 1 point
the vertical launch velocity component, so that part of the flight exactly doubles

For reasoning that when the cannonball comes back down past the launch height, it is moving 1 point
downward with the same vertical speed it was launched with, which is now twice as large

For reasoning that the rest of the fall, through the height of the cliff, starts with a greater downward 1 point
speed and covers the same height, so it takes less time than before (not more)

For combining: the total is a doubled part plus a part that got shorter, so the total is less than 1 point
doubled

For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point
statements

Example response: Only the vertical motion decides when the ball splashes down. Keeping the direction and
doubling the speed doubles the upward part of the launch velocity. Going up and coming back to the launch
height takes a time proportional to that upward velocity, so this part of the trip doubles, and the ball passes
the launch height moving down at the doubled speed. It then still has to fall the height of the cliff, but now
it starts that fall faster, so that last part takes less time than it did before. A doubled part plus a shortened
part adds up to less than double the original time of flight.

Trap: “Exactly doubled, because time is proportional to speed.” That is true only for the part of the flight
that ends at launch height (or for a launch from ground level). The cliff adds a part of the fall that does not
scale with launch speed.

(b) 1 point
For selecting “More than doubled” and correctly explaining that the vertical component of the 1 point
launch velocity doubles, so the ball rises for twice as long (the time to stop rising is proportional

to that component) with twice the average vertical speed, and the height above the launch point

v
is four times as great; or, equivalently, that h = QLO quadruples when v, doubles (no credit for
g

this part without the correct selection)
Trap: “Exactly doubled, because the launch speed doubled.” The height depends on the square of the vertical
launch velocity component.

Question 2.2 (Seed pod from a climbing drone, page 12) 7 points

(a) 1 point
For selecting “Greater than” and correctly explaining that at release the pod has the drone’s 1 point
velocity, including the upward component u, so it first rises before falling; it is therefore in the

air longer than an object starting from rest at height H, and with the same horizontal speed w it

travels farther (no credit for this part without the correct selection)

Ezxample response: When the pod is released it is still moving up at u, like the drone. It rises a little before
it falls, so it stays in the air longer than \/2H/g. Its horizontal speed is still w, so it goes farther.
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Trap: “Equal to: a released object falls from rest.” The pod starts with the drone’s velocity, not from rest.
(b) 3 points
For a vertical-motion equation that includes the upward initial velocity: 0 = H + ut — % gt? (or an 1 point
equivalent split into rising and falling stages)
24+ 2gH
For solving for the time of flight, ¢ = R VA e T (taking the positive root) 1 point
w (u +u?+29H )
g 2
A two-stage method (rise to the top in u/g, then fall from height H + g—g) gives the same result and earns full

credit. No particular method is required.
(c) 2 points

For D = wt = 1 point

For the condition: the drone is not rising at release (u = 0, moving only horizontally); also accept 1 point
the approximate condition u < /2gH with a correct explanation

wy/29H 2H

For substituting u = 0 into the expression from (b) to get ———— = wy/ — 1 point
g

Score (c) for consistency with the expression the student derived in (b), as long as that expression contains u.

(d) 1 point

For selecting “Less than” and correctly explaining that the pod starts with the drone’s downward 1 point

vertical velocity, so it reaches the ground sooner than an object starting from rest at height H,
and with the same horizontal speed w it travels a shorter distance; or that replacing v with —u in

w(\/u2—|—29H—u> 5H
the expression from (b) gives D = , which is less than wy/— (no credit for
g g

this part without the correct selection)
Trap: “Equal to: the horizontal motion does not depend on the vertical motion.” The horizontal velocity is
unchanged, but the time in the air is shorter.

Chapter 3: Forces and Newton’s laws

Question 3.1 (Fridge magnet, page 13) 7 points

(a) 2 points
For drawing four forces and only four forces, each labeled distinctly: downward gravitational force, 1 point
upward static friction force, horizontal magnetic force toward the door, horizontal normal force

away from the door

For drawing the friction arrow the same length as the weight arrow and the normal arrow the same 1 point
length as the magnetic arrow

Courtesy figure. The points attach to the features described in words. The horizontal pair need not be longer
than the vertical pair for the second point, although the stem says Fy; > mg. A response with an extra force
(for example a “holding force” or a “net force”) earns 0 for the first point.

(b) 1 point
For selecting “The same as” and correctly explaining that the magnet’s vertical acceleration is zero, 1 point
so by Newton’s second law the upward static friction force balances the downward gravitational

force, which has not changed; the increase in the normal force does not change the friction force

actually exerted (no credit for this part without the correct selection)
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Example response: The magnet stays at rest, so the vertical forces on it add to zero. The only vertical forces
are the downward weight and the upward static friction. The weight did not change, so the friction force is
still mg. Pressing harder raises the maximum possible friction, ug/N, but not the friction actually exerted.
Trap: “Greater than, because f = puN and N increased.” The formula gives the largest possible static
friction, not the friction exerted. The question asks for the friction force, not its maximum. Earns 0.

(c) 1 point
For selecting “Greater than” and correctly explaining that the magnet’s horizontal acceleration is 1 point
zero, so the normal force now balances the magnetic force plus the finger’s force and is larger than

Fr; the greatest possible static friction force is pgN, so it is larger (no credit for this part without

the correct selection)

Ezxample response: Horizontally the magnet is at rest, so the door’s normal force balances both the magnetic
force and the push of the finger: N = Fj; + Fanger, Which is more than before. The greatest static friction the
door could exert is ugN, so it increases, even though the friction actually exerted stays mg.

An explanation that says only “pressing harder increases friction,” without the horizontal force balance that
makes the normal force larger, does not earn the point.

(d) 3 points
For applying the vertical force balance with the static friction force on the magnet at its maximum 1 point
value, ugN, at the point of slipping

For using N = F); (from the horizontal force balance), not N = mg 1 point

For including the weights of both the magnet and the calendar, ugFy; = (m+m.)g (or the equiv- 1 point
alent pair of balances on the magnet and on the calendar separately), and the correct expression
_ pstu
oy
Trap: Two misreadings. (1) Using N = mg out of habit from tabletop problems gives m. = (us — 1)m, which
is negative unless pg > 1; a student who reports it has not checked the result. Earns 1 of 3. (2) Forgetting
that the magnet’s own weight also needs friction gives pugFis/g; earns 2 of 3.

Question 3.2 (Block and hanging mass, page 14) 12 points

(a)(i) 2 points
For identifying as correct that doubling the hanging mass doubles the net force on the system 1 point
along the direction of motion, because that net force is the weight Mg of the hanging mass (the

block’s weight and the normal force cancel, and the string tension is internal to the system)

For identifying as correct the use of Newton’s second law and the qualitative conclusion that the 1 point
acceleration increases, because the net force doubles while the total mass increases by a smaller

factor

(a)(ii) 2 points
For identifying as incorrect the claim that the system’s inertial mass stays the same: the hanging 1 point
mass is accelerated too, so the system’s inertial mass is M + M = 2M before and M + 2M = 3M

after

For identifying as incorrect the conclusion ay = 2a;: because the inertial mass also increases, the 1 point
acceleration increases by a factor less than 2

(b) 4 points
. , : XF .
For applying Newton’s second law to the block—string—mass system: a = 1 point
Msys
For the net force along the direction of motion: Mg in the first experiment and 2M g in the second 1 point
For the system mass: 2M in the first experiment and 3M in the second 1 point
For the correct result as = %al, from a; = % = % and ag = 23]”# = %“7 1 point

Separate free-body diagrams for the block and the hanging mass, with the tension eliminated, earn all four
points if they reach the same result.
(c)(i) 2 points
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For pointing to the numerator (Mg becoming 2M g) as the expression of the correct claim that the 1 point
net force doubles

For pointing to as > a; (from % > %) as the expression of the correct claim that the acceleration 1 point
increases

(c)(ii) 2 points
For pointing to the denominator (2M becoming 3M) as the correction of the claim that the inertial 1 point
mass is unchanged

For explaining that because the denominator grows by % while the numerator doubles, the accel- 1 point
eration grows by 3/% = %, not 2

Trap: The student’s argument is mostly right, so a reader who skims it agrees with it. The error is the single
sentence about which part of the system has inertia.

Question 3.3 (Block pushed by a panel, page 16) 7 points

(a) 6 points
Correct selection: “Greater than half.” No point is awarded for the selection itself.

For identifying the forces on the block: the downward gravitational force and the downward normal 1 point
force from the panel (and no others)
For applying Newton’s second law with both forces: the acceleration comes from the sum of the 1 point

two downward forces divided by the mass, ma = mg + N, so a = g + — (an equation written
m

without that statement does not earn this point)
For noting that the gravitational force does not change between experiments 1 point

For reasoning that halving N halves only the panel’s contribution to the acceleration 1 point

For concluding that the new acceleration exceeds half the original because the g term is not halved 1 point
f le. g+ 2V exceeds 4 + 2V by ¢

(for example, g + 5 exceeds o + 5 DY 2)

For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point
statements

Example response: Two forces act on the block, both downward: its weight and the push from the panel. By
Newton’s second law, the acceleration is the sum of these forces divided by the block’s mass, a = g+ N/m. In
the second experiment the weight is unchanged and only the panel’s push is halved, so only the panel’s share
of the acceleration is halved. The weight’s share, g, stays whole, so the new acceleration is larger than half
the original one.

Points 3 and 4 can be earned together by a correct algebraic comparison that keeps the g term whole and halves
only N/m, for example g + % Versus % (g + %)

Trap: “Equal to half, because acceleration is proportional to force.” Acceleration is proportional to the net
force, and halving one of two forces does not halve the sum.

(b) 1 point
For selecting “Less than twice” and correctly explaining that doubling the panel’s force doubles 1 point
only the panel’s contribution to the acceleration, N/m, while the gravitational contribution, g, is

2N
unchanged, so the new acceleration g + — is less than twice the original, 2g + — (no credit for
m

this part without the correct selection)
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Question 3.4 (Testing the equivalence principle, page 17) 7 points

(a) 3 points
For a measurement of the gravitational mass: hang the cart at rest from the force probe and record 1 point
the probe’s reading Fiang

For a measurement of the inertial mass: pull the cart horizontally along the floor with the force 1 point
probe (held level), recording the probe’s reading F' while the motion detector records the cart’s
acceleration a

For a way to reduce uncertainty, for example repeating each measurement, or pulling with several 1 point
different forces and graphing

(b) 2 points
For finding the inertial mass, m; = F/a for each trial (or the slope of a graph of F' against a) 1 point

For finding the gravitational mass, mgy = Flang/g, and comparing it with m,, deciding that the 1 point
principle is satisfied if the two agree within the uncertainty (for example the spread of repeated

trials)

(c) 2 points
For explaining the hanging measurement: the cart is at rest, so by Newton’s second law the probe’s 1 point
upward force balances the gravitational force, Fiang = myg

For explaining the horizontal measurement: the floor is horizontal and the wheels are frictionless, 1 point
so the probe’s force is the net horizontal force, and Newton’s second law gives F' = m;a

Trap: Using only one kind of measurement, for example weighing the cart and calling the result “the mass.”
The test needs one measurement that depends on gravity and one that does not.

Question 3.5 (Half-rough table, page 18) 7 points

Answers may use g = 9.8 or 10 m/s?.

(a) 2 points
For identifying the forces along the direction of motion for the block—string-mass system on the 1 point
rough portion, the hanging mass’s weight mg forward and kinetic friction pxmg = 2mg backward,

and applying Newton’s second law to the whole system with its total mass 2m: (2m)a = mg—2mg;

or for separate Newton’s second law equations for the block (ma = T — 2mg) and the hanging

mass (ma = mg — T') solved together

For |a| = g =4.9m/s? (5 m/s? with g = 10 m/s?) 1 point
Trap: Using only the block’s mass m in Newton’s second law, which gives g. The hanging mass must be
slowed down too.

(b) 2 points

For using constant-acceleration kinematics with the deceleration from (a), v%, = v — 2|a|D, or 1 point
2

v
2la]

frictionless portion

For vp = y/v2 — gD = 5.1 m/s (5.0 m/s with g = 10 m/s?) 1 point

Score (b) for consistency with the acceleration found in (a).

for showing that the stopping distance ~ 10 m exceeds D = 7.5 m, so the block reaches the

(©)] 2 points
For reasoning that on the frictionless portion the only unbalanced force on the block—string—-mass 1 point
system is the hanging mass’s weight, mg, acting on the total mass 2m, so |a| = g = 4.9 m/s?

For stating that the block speeds up, because that net force on the system points in the direction 1 point
of the block’s motion
(d) 1 point
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For selecting C and correctly explaining that the acceleration is constant on each portion, so the 1 point
graph is made of two straight segments; the speed decreases on the rough portion but does not
reach zero before the frictionless portion (b), and then increases (equally steep segments, since

both accelerations have magnitude %, are not required) (no credit for this part without the correct

selection)
Trap: Choosing D: “friction (2mg) is greater than the hanging weight (mg), so the block stops and static
friction holds it.” That would happen only if the block stopped on the rough portion; check the distance first.

Question 3.6 (Block, planks, and a leading ball, page 20) 12 points

(a)(d) 2 points
For reasoning about the sphere: it has no vertical acceleration, so the vertical component of the 1 point
string’s tension on it balances its weight, T'sinf = Mg

For reasoning about the block: the massless string pulls down on the block with that same vertical 1 point
component, Mg, and the block has no vertical acceleration, so the planks’ upward normal force

balances the block’s weight plus that pull, N = mg+ Mg = (m+ M)g

A system argument earns both points: no part of the block—string—sphere system accelerates vertically, and the
only vertical external forces on it are its total weight, (m + M)g, and the planks’ normal force, so the two
balance.

(a) (i) 1 point
For selecting “Stay the same” and correctly explaining that the only horizontal external force on 1 point
the system is kinetic friction, proportional to the normal force (m + M)g, so both the stopping

force and the system’s inertia are proportional to m + M; doubling M scales both by the same

factor and leaves a unchanged (no credit for this part without the correct selection)

Trap: “Increase” or “decrease” from counting only the block’s weight in the normal force. The string transmits
the sphere’s weight to the planks.

(a)(iii) 1 point
For selecting “Stay the same” and correctly explaining that, for the sphere, the vertical component 1 point
of the tension balances the sphere’s weight while the horizontal component gives it the acceleration

a; both are proportional to M, so the string’s direction depends only on the ratio of a to g, which

is unchanged by (a)(ii) (no credit for this part without the correct selection)

(b)(@) 2 points
For correct Newton’s second law equations, including the normal force on the block N = mg + 1 point
Tsin® (with T'sind = Mg for the sphere), or the system equation (m 4+ M)a = pxN with

N=(m+ M)g
For a = uxg 1 point
(b)(ii) 2 points
For the sphere’s equations T'sin = Mg and T cosf = Ma, giving tanf = 9 1 point
a
1 1
For tanf = — (so 6 = tan™' —) 1 point
K MK
(c)(i) 1 point
1
For using tanf = — (or the student’s own result from (b)(ii)) with the measured angles to get 1 point
120:¢
puxr =~ 0.78 for Group 1 (52°) and pux ~ 0.55 for Group 7 (61°)
(c)(ii) 1 point

For selecting “Yes” and correctly justifying it with the uncertainty: the angle ranges 50°-54° and 1 point
59°-63° do not overlap, so the corresponding ranges of px (about 0.73-0.84 and 0.51-0.60) do not

overlap either, and the difference is larger than the measurement uncertainty (no credit for this

part without the correct selection)

(c)(iii) 1 point
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For selecting “No” and correctly explaining that, by (b), neither a nor 6 depends on m: removing 1 point
mass from the block reduces the friction force and the system’s inertia in the same proportion (no

credit for this part without the correct selection)

(c)(iv) 1 point
For a mechanism that lowers px from group to group (for example the planks or the block’s surface 1 point
wearing smoother with use, or picking up wax, dust, or moisture), tied to the data and to (b): the

values from (c)(i) show pk falling over the class period, and by tanf = 1/uk a falling pux gives a

rising 6 (a mechanism stated without this support earns no credit)

The student’s last step (a smaller acceleration gives a more vertical string) is correct, by tan€ = g/a; only the
premise that removing mass from the block lowers the acceleration is wrong. A response that says so earns the
point in (c)(iii). Across all seven groups the data correspond to uk falling from about 0.8 to about 0.5.

Score (c) for consistency with the expressions the student derived in (b).

Question 3.7 (Testing a friction claim, page 23) 12 points

(a) 3 points
For a setup that controls the normal force, for example the block on the horizontal board with 1 point
known masses stacked on it (normal force = total weight), or the block pressed against the board

by a measured force, or the block on the board with the board tilted

For a way to measure the largest friction force before slipping, for example a spring scale or force 1 point
probe pulling the block horizontally, or raising one end of the tilted board slowly until the block

just slips and measuring that angle 6. with a protractor (or the board’s rise and length with a

meterstick)
For a labeled diagram consistent with the description 1 point
(b) 3 points

For measuring the normal force (balance for the masses, or a force probe) for each trial, over a 1 point
range wide enough that the claimed 8.0 N limit would clearly be reached (normal forces large

enough that, without a limit, friction would clearly exceed 8.0 N)

For measuring fs max: increase the pulling force slowly and record the largest reading just before 1 point
the block starts to slide (or, with the tilting board, raise the board slowly and record the angle 6.

at which the block starts to slide, varying the normal force by adding masses to the block)

For a way to reduce uncertainty, for example repeating each trial and averaging, or pulling more 1 point
slowly to catch the peak reading

(c) 2 points
For graphing fg max against the normal force (or computing their ratio for each trial) 1 point

For a decision rule that uses the uncertainty: the claim is supported if the points rise along a 1 point
line through the origin and then level off at 8.0 N (within error bars); it is contradicted if, within
uncertainty, points above the leveling-off region exceed 8.0 N or keep rising

(d) 2 points
For explaining that when the block is on the verge of slipping, the horizontal forces balance, so the 1 point
largest pulling force before slipping equals fgmax (Newton’s second law with zero acceleration);

or, for the tilting board, that the forces along the board balance just before slipping, so fg max =

mgsin @,

For explaining how the normal force is known from the measurement: with the board horizontal 1 point
and nothing else pushing vertically, it equals the weight of the block and added masses (vertical

forces balance); or, if the block is pressed against the board, it equals the measured pressing force

(forces perpendicular to the board balance); or, for the tilting board, the forces perpendicular to

the board balance, so N = mg cos 0,

(e) 1 point
For selecting “No” and correctly justifying it with the data: at least one measured maximum static 1 point
friction force is above 8.0 N by more than the +0.1 N uncertainty (for example 8.9 N at 12.00 N, or

15.1 N at 20.00 N), which the claim forbids (no credit for this part without the correct selection)
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() 1 point
For pg =~ 0.75 (accept 0.73 to 0.80), found as the slope of maximum static friction force against 1 point
normal force or from the ratio fsmax/N for any row

The best-fit slope is 0.750. The first row alone gives 0.80, which is accepted; that row has the largest relative
uncertainty.

Question 3.8 (Up or down the ramp, page 25) 7 points

(a) 1 point
For selecting “The same” and correctly explaining that the only forces are gravity and the normal 1 point
force, only gravity has a component along the plane (mgsin @, down the plane), and neither force

depends on the direction of motion, so by Newton’s second law the acceleration (gsinf down the

plane) is the same either way (no credit for this part without the correct selection)

Trap: “Greater sliding down, because gravity helps.” Sliding up, gravity slows the block at the same rate it
speeds the block up sliding down.

(b) 4 points
Correct selection: “Greater sliding up.” No point is awarded for the selection itself.

For reasoning that kinetic friction opposes the motion: down the plane while the block slides up, 1 point
up the plane while it slides down, while the component of gravity along the plane is down the

plane both times

For comparing the net forces along the plane: sliding up, the gravity component and friction point 1 point
the same way and add, mgsinf + f; sliding down, they point opposite ways, so the net force,

|mgsin — f], is smaller

For concluding with Newton’s second law that the larger net force, while sliding up, gives the 1 point
larger acceleration

For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point
statements

(c) 2 points
For Newton’s second law along the plane with the normal force mgcosf and kinetic friction 1 point
prmgcos® pointing down the plane along with mgsinf, giving a deceleration of magnitude

g(sin 0+ g cos 6), or the equivalent work—energy equation, — (mgsin 6 + pxmgcosf)d = 0— %mv%

2
For d = Y%

29(Em 0+ jirc 0080’ from 0 = v3 — 2ad (or from the work—energy theorem) 1 point

Trap: Writing the friction force as pxmg. On the incline the normal force is mg cos 6.

Question 3.9 (Box on an accelerating wedge, page 27) 7 points

(a) 6 points
Correct selection: “Less than doubled.” No point is awarded for the selection itself.

For identifying the forces on the box: gravity and the normal force (perpendicular to the plane), 1 point
and stating that the box must have the same horizontal acceleration a as the plane and no vertical
acceleration

For the vertical balance, N cosf = mg 1 point

For the horizontal equation, N sinf = ma 1 point

The two points above can also be earned together by a correct force-vector triangle (gravity plus normal force
adding to md, horizontal) that leads to tanf = a/g.

For combining them: tanf = g, so doubling a doubles tan 6 1 point

For reasoning that tan @ grows faster than in proportion to 6 (for example tan 60° ~ 1.73 is more 1 point
than twice tan 30° =~ 0.58), so doubling tan 6 requires less than doubling 6
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For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant
statements

1 point

Trap: “Exactly doubled, because a is proportional to 6.” The relationship is through tanf, which is not

proportional to 6.

(b)

For selecting “Greater than” and correctly explaining that the vertical component of the normal
force must still balance the box’s weight, N cosf = mg, and the angle is larger in the second
experiment, so cos @ is smaller and N is larger (or: the normal force must now supply a larger
horizontal component, ma, as well as the same vertical component, mg, so N = m+/g? + a? is
larger) (no credit for this part without the correct selection)

Question 3.10 (Drag and a speed graph, page 28)

(a)

Correct selection: “No.” No point is awarded for the selection itself.
For stating that the slope of a speed-time graph (for straight-line motion) is the acceleration

For Newton’s second law for the falling object: ma = mg — Fprag, with the gravitational force
constant

For reasoning that after to the slope is constant and positive, so the acceleration, and therefore
the drag force, is constant

For noting that the speed keeps increasing after tc (the graph is still rising)

For concluding that the graph shows an interval in which the speed increases while the drag force
does not, which contradicts the claim (the earlier, concave-down portion, in which drag grows as
speed grows, does not rescue a claim about “whenever”)

For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant
statements

Trap: “Yes: the graph curves over at first, which shows drag growing as speed grows.” The
“whenever”; one interval where it fails is enough to contradict it.

(b)

For selecting “Greater than” and correctly explaining that the slope of the graph (the acceleration)
at %tc is greater than the constant slope after ¢c, because the graph is concave down before t¢
and its slope decreases to the straight-line value; since mg — Fprag = ma with mg constant, the
smaller acceleration at 2t means the larger drag force (no credit for this part without the correct
selection)

Question 3.11 (Boxcar on a ramp, page 29)

(a)

For selecting ¢ = 0 and correctly explaining that the boxcar—ball system, acted on only by gravity
and the ramp’s normal force, accelerates down the ramp at gsinf; the ball has that same accel-
eration, and its gravitational force alone supplies exactly mgsin 6 along the ramp, so the tension
has no component along the ramp: the string is perpendicular to the ramp, which tilts it from the
vertical by € (no credit for this part without the correct selection)

1 point
1 point

7 points

6 points

1 point
1 point

1 point
1 point
1 point
1 point
claim says

1 point
1 point

7 points

1 point
1 point

Trap: “The string hangs straight down (¢ = 0, so less than 0)”: true only if the boxcar’s velocity were

constant.

(b)

Correct selection: ¢' > 0. No point is awarded for the selection itself.

For reasoning that, sliding up the ramp, the boxcar has both the down-ramp component of gravity
and kinetic friction (opposing its motion, so down the ramp) acting on it, so its acceleration down
the ramp is greater than gsinf

4 points

1 point
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For reasoning that the ball, at rest relative to the boxcar, needs that same, larger acceleration, 1 point
which its gravitational force alone cannot supply along the ramp, so the tension must have a
component down the ramp

For concluding from this that the string tilts past the perpendicular to the ramp, farther from the 1 point
vertical, so ¢’ > 0

For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point
statements

Trap: “Cannot be determined without knowing the friction coefficient.” The size of the friction force doesn’t
matter, only its direction.

(c) 2 points
For Newton’s second law along the ramp for the boxcar—ball system (total mass Myt ), with the 1 point
normal force Mot g cos (the system has no acceleration perpendicular to the ramp) and kinetic

friction px Myt g cos @ pointing down the ramp along with My g sin 6

For a = g(sin 6 + px cos ) 1 point

Chapter 4: Circular motion and gravitation

Question 4.1 (Binary stars, page 31) 7 points

(a) 3 points
For reasoning that the gravitational force on each star provides the net inward force and is pro- 1 point
portional to the product of the two masses, so it grows by the square of the factor

For reasoning that the inertia of each star grows only by the factor itself, so the inward acceleration 1 point
v?/r is larger, and with the orbit radius 7 unchanged a larger acceleration requires a larger speed

For a logical, relevant paragraph that connects these ideas to the conclusion that the speed in- 1 point
creases, without contradictory or incorrect statements

The answer blanks are not scored. An equation-based paragraph earns the first two points if it sets the gravita-
tional force equal to m% and explains that one factor of m (the orbiting star’s inertia) cancels while the other
(the attracting star’s mass) remains, so v? is proportional to m at fived £. Quoting a formula for v without
that reasoning earns neither.

Ezample response: The force each star feels is Gm -m/¢?, so tripling both masses makes it nine times as large,
while each star’s mass is only three times as large. The inward acceleration triples, and with the same orbit
radius that takes a faster speed.

Trap: “Remain the same: mass cancels, as it does for a satellite.” The mass cancels only for the orbiting
object’s own mass; here the attracting mass also increased.

(b) 4 points
2
v

For using Newton’s second law for circular motion: m — = Fjet, inward 1 point

o . . Gm? .
For the gravitational force with separation ¢: F = N 1 point
4
For the orbit radius r = B (not ¢) 1 point

|G
For v = 2—7; 1 point

Trap: Using ¢ for both the separation and the orbit radius gives /Gm/¢, which earns 2 of 4 (the orbit-radius

and final-answer points are lost). Using £/2 in both places gives \/2Gm/¢, which also earns 2 of 4 (the force
and final-answer points are lost).

2026-10-03 00:05 New York time AP Physics 1 & 2 FRQ Bank Page 162/227 DAVIDLIAO.COM



Question 4.2 (Four moons, page 32) 12 points

(a) 4 points
For choosing quantities whose relationship is linear under the claim: 72 and R? (or equivalent, for 1 point
example T2 /R3 for each moon)

For a decision rule: the claim is supported if the points fall on a straight line through the origin 1 point
(or if T?/R3 is the same for every moon)

For a method of estimating the uncertainty in the computed quantities, for example recomputing 1 point
T? and R? with T and R shifted by their stated uncertainties

For using those uncertainties in the decision, for example error bars that a line through the origin 1 point
must pass through, or ranges of 72/R? that must overlap

(b) 3 points
For Newton’s second law for each moon in uniform circular motion, with the only significant inward 1 point
. .. mv:  GMm
force being the planet’s gravity: R T
2R
For v = WT 1 point
2
For combining to T2 = GLMRS and explaining that, if M is the same for every moon (all the mass 1 point
is at the center), T2 versus R? is a line through the origin with slope éLAZ
(c) 5 points

For correct values of the chosen quantities, for example T?/R3 ~ 2.97 x 10716, 2.96 x 1076, 1 point
1.48x 10716, 1.48x 10716 52 /m3 for A-D (or R? ~ 2.38x 10?6, 7.79x 1026, 1.23x 10?7, 1.73x 10?7 m?

and T? ~ 7.08 x 1019, 2.30 x 10!, 1.81 x 10!, 2.56 x 10! s?)

For a correctly plotted graph or table consistent with the method in (a) 1 point

For uncertainty estimates carried out as described in (a) (for example, moon A’s ratio ranges from 1 point
about 2.5 to 3.5 x 10716, moon C’s from about 1.35 to 1.6 x 10716)

For observing that A and B agree with each other and C and D agree with each other, but the 1 point
two pairs differ by about a factor of two, far more than the uncertainty

For concluding that the data are inconsistent with the claim 1 point

Points 2-5 are scored for consistency with the student’s method in (a), even if that method earned less than
full credit, as long as the method can test the claim. A student may also note that the two pairs are consistent
with about twice as much mass inside the orbits of C and D as inside the orbits of A and B; this is welcome
but not required.

Trap: Fitting the four points with a line that is not forced through the origin, or a line that misses two points,
and calling the fit “close enough” without using the uncertainties. Moons C and D sit at about half the slope
of A and B.

Chapter 5: Impulse and momentum
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Question 5.1 (Cart and spring bumper, page 34) 12 points

(a) 4 points
For measuring the mass of the cart (with the bars added) with a balance, and changing the mass 1 point
between trials by adding bars

For a way to give the cart the same speed just before the bumper in every trial, and to check it. 1 point
Examples: release the cart from the same mark on a ramp that leads onto the track (the speed

at the bottom does not depend on mass); or push the cart and keep only trials in which a motion

detector reads the target speed within a stated tolerance

For measuring the velocities just before and just after the bounce with a motion detector (or 1 point
photogates, or video analysis), so that impulse can be found from the change in momentum

For repeating trials at each mass, or using several masses, to reduce uncertainty 1 point

A procedure that launches every cart with the same compressed spring does not earn the second point: a fixed
launcher gives lighter carts higher speeds. A procedure that uses a force sensor earns mo credit for that step,
because the problem says none is available.

(b) 2 points
For calculating the impulse in each trial from J = m|Av|, with the velocity change taken as the 1 point
sum of the speeds before and after, because the direction reverses

For a graph of impulse versus mass and a correct decision rule: if the claim is true the points lie 1 point
on a horizontal line; if the impulse grows with mass, the claim is false

(c) 2 points
For axes labeled with quantities and units, scales that use more than half of the grid, and all five 1 point
points plotted correctly

For a straight line with points on both sides, close to passing through the origin (slope about 1 point
1.4 N-s/kg)

(d) 1 point
For answering “No” and correctly explaining, by reference to the graph, that the impulse increases 1 point
in proportion to the mass (the best-fit line rises and passes close to the origin) rather than staying

constant as the claim requires (no credit for this part without the correct answer)

(e) 3 points
For applying the impulse-momentum theorem with directions: J = m(vf —v;) with v, = 1 point
—0.80 m/s and vy positive, so J =m (0.80 m/s + vy)

For identifying the slope of the impulse-versus-mass line as 0.80 m/s + vy 1 point
For a speed consistent with the student’s line, about 0.60 m/s (accept 0.55-0.65 m/s) 1 point

Trap: Subtracting speeds instead of velocities: slope = vy —0.80, so vy ~ 2.2 m/s. That is faster than the
approach speed, which a passive spring bumper cannot produce; a student who checks the result should catch
it. Earns 1 of 3 (slope point only).

2026-10-03 00:05 New York time AP Physics 1 & 2 FRQ Bank Page 164/227 DAVIDLIAO.COM



Question 5.2 (Spring between two blocks, page 36) 7 points

(a) 5 points
For reasoning that in Experiment 1 the momentum of the A—B system is constant, because the net 1 point
external horizontal force on the system is zero (frictionless surface; gravity and the normal forces

are vertical)

For reasoning that at greatest compression in Experiment 1 the blocks move with the same velocity, 1 point
which is not zero (it is §), so some kinetic energy remains

For reasoning that in both experiments the mechanical energy of the system is constant, so the 1 point
energy stored in the spring at greatest compression equals the initial kinetic energy minus any

kinetic energy remaining; in Experiment 2, block A is momentarily at rest at greatest compression,

so all of its kinetic energy is stored

For concluding from this energy comparison that the spring stores less energy at greatest com- 1 point
pression in Experiment 1 than in Experiment 2, and that because the stored energy increases with
compression for the same spring, the greatest compression is less in Experiment 1

For a logical, relevant argument that connects these ideas to the answer without contradictory or 1 point
incorrect statements

The answer blanks are not scored. A paragraph that reaches “less than” by correct reasoning earns the conclu-
sion point even if a different blank is checked, but the contradiction costs the last point.

Example response: Take blocks A and B and the spring as the system. In Experiment 1, the only horizontal
forces are between A, the spring, and B, so the system’s momentum stays mwv. The spring is most compressed
when A and B are no longer approaching each other, which means they have the same velocity; equal masses
sharing momentum muv each move at 3. No friction acts, so the total energy is unchanged, and the spring

stores only the kinetic energy that the blocks no longer have: %mvz - %(2m) (%)2 = %mvz. In Experiment

2 the glue exerts an external force on B, so momentum is not conserved, but no work is done on the system
because B does not move. Block A stops at greatest compression, so the spring stores all of A’s kinetic energy,
%va. The spring stores less energy in Experiment 1, so it compresses less.

Trap: “The same, because the same energy goes in.” That reading ignores the kinetic energy the moving
pair keeps in Experiment 1. A second trap is claiming momentum is conserved in Experiment 2 as well; that

statement is incorrect and loses the last point even when the rest of the argument is correct.

(b) 2 points

For relating the stored energies: %kxf = imﬁu2 and %kx% = %va 1 point
x

For the correct ratio — = — ~ 0.71 1 point

T2 \/§

Trap: Giving %, the ratio of the energies, rather than of the compressions; earns 1 of 2.

Question 5.3 (Charlie’s momentum formula, page 37) 7 points

(a) 6 points
Correct selection: “Greater than.” No point is awarded for the selection itself. Charlie gets v/v/2 ~ 0.71v; the
correct answer is v/2.

For reasoning that the two-cart system’s momentum is conserved, because the track is frictionless 1 point
and horizontal, so no net external horizontal force acts

For the correct result: with p = mwv, doubling the moving mass halves the speed, V = v/2 1 point

For Charlie’s result: with %va held constant, doubling the mass halves v2, so the speed is divided 1 point
only by v2, Ve = v//2

For recognizing that Charlie’s quantity, %va, is kinetic energy, which is not conserved in a collision 1 point
in which the carts stick together, so Charlie’s calculation rests on a false conservation statement

For identifying why the results differ: the conserved quantity is proportional to v, so sharing it 1 point
with twice the mass halves v, while Charlie’s quantity is proportional to v2, so the speed falls only

by a factor of v/2
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For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point
statements

Trap: “Equal: either way the momentum is conserved and the mass doubles.” The two formulas respond
differently to doubling the mass.

(b) 1 point
For selecting “Less than” and correctly explaining that momentum conservation gives the stuck 1 point
carts the speed v/2, so their kinetic energy is 3(2m) (5)2 = 2mu?, half of the initial 2mov? (or:

keeping the kinetic energy unchanged would require the speed v/+/2 found by Charlie’s method,

which is greater than the actual speed v/2) (no credit for this part without the correct selection)

Question 5.4 (Horizontal momentum and a pulley, page 38) 7 points

For stating the impulse-momentum relationship for the system: the change in the system’s hori- 1 point
zontal momentum equals the horizontal component of the net external impulse
For identifying the pulley, which is outside the system, as exerting a force on the string 1 point

For the direction of that force: the two taut segments of string pull the pulley left and down, so 1 point
(Newton’s third law) the pulley pushes the string right and up; it has a horizontal component to

the right

For concluding that this force, acting over the time interval, delivers a horizontal impulse to the 1 point
right, which accounts for the block’s increasing momentum to the right (the slotted mass set has

no horizontal momentum)

For identifying the flaw in the students’ argument: the gravitational force being necessary for the 1 point
motion does not make it the only external force; the change in momentum equals the impulse of

the net external force

For noting that the other external forces (gravity on the block and slotted mass set, the table’s 1 point
normal force) are vertical, so the pulley’s force is the only external force with a horizontal compo-

nent

For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point
statements

Example response: The horizontal momentum of the system changes by the horizontal impulse of the net
external force on it. Gravity on the slotted mass set is not the only external force: the table pushes up on the
block, gravity pulls down on the block, and the pulley pushes on the string where the string bends around it.
Because the string turns from horizontal to vertical, the pulley pushes the string up and to the right. That
rightward push, acting over time, is a horizontal impulse, and it is what gives the block its growing momentum
to the right. Gravity on the hanging mass is needed to make the string pull at all, but it is the pulley’s force
that supplies the horizontal impulse.

Trap: Saying “the tension pulls the block” and stopping there. Tension is internal to this system; the impulse
must come from outside it. (A student who reaches the pulley’s push as the reaction to the string’s pull on
the pulley has given a valid argument.)

Chapter 6: Center of mass
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Question 6.1 (Carts pushed apart by magnets, page 39) 7 points

(a) 2 points
0) + 3m(d
For using the definition of center of mass with positions measured from cart 1: zcp, = w 1 point
m+ 3m
3d
For xem = T (toward cart 2) 1 point

Trap: Writing d/4: weighting the distance by the wrong cart’s mass puts the center of mass closer to the
lighter cart.

(b) (i) 1 point
For identifying a correct aspect with a correct reason: the forces are equal in size (Newton’s third 1 point
law), or cart 1 speeds away faster (same size force, smaller mass, larger acceleration, for the same

time), or cart 1 moves farther (three times as far)

(b)(ii) 2 points
For identifying the incorrect aspect: the claim that the center of mass moves 1 point

For explaining that the magnetic forces are internal to the two-cart system and the net external 1 point
horizontal force is zero, so the system’s momentum stays zero and the center of mass stays at rest;

cart 1 moving farther is exactly balanced by its smaller mass

Ezxample response: The pushes between the magnets are internal to the two-cart system, and nothing outside
pushes horizontally (friction is negligible), so the system’s total momentum stays zero. The center of mass
started at rest, so it stays put. Cart 1 does move three times as far, but it has one-third the mass, so
m Az, + 3m Aze = 0.

Trap: Agreeing with the claim because cart 1 “moves more.” The center of mass weights each cart’s displace-
ment by its mass.

(c) 2 points
For using a fixed center of mass (or zero total momentum at every instant) to relate the displace- 1 point
ments: ms = 3m so

For sy = % 1 point
Question 6.2 (Air-hockey pucks, page 40) 12 points
(a) 3 points

For recording video of the pucks before, during, and after the interaction, with the meter stick 1 point
in view for scale, and reading both pucks’ positions from frames at known times (from the frame
rate)

For computing the position of the center of mass at each of those times from the two positions 1 point
mixy + mox
and the masses, ¢y, = % (the masses may be taken as given or measured with the
mi mo
balance)
For a test of the claim: graphing z.,, against time (or computing its velocity over successive equal 1 point
intervals) and checking whether it is one straight line (constant velocity) through the times before,
during, and after the interaction
Ways to reduce uncertainty (many frames, several trials, camera directly overhead) are good practice but are
not required.
(b)(@) 1 point
mixy + mox
For the center-of-mass position Z¢n = % with correct values: 0.310, 0.350, 0.391, 1 point
my M2
0.430, 0.470, 0.510, 0.550, 0.590, 0.630 m (also accept myx1 + maxs, which is proportional to Xep:
0.155, 0.175, ..., 0.315 kg:m)

(b)(ii) 2 points
For correctly scaled and labeled axes (with units) that use more than half the grid 1 point
For correctly plotted points 1 point
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(b)(iii) 1 point
For selecting “Yes” and correctly explaining that the points lie on one straight line (constant slope), 1 point
including the points at t = 0.8 s and 1.0 s, when the magnets were pushing, and that a straight

a—t graph means constant velocity (no credit for this part without the correct selection)

(c) 2 points
For the slope of a best-fit line, vem & 0.20 m/s (accept 0.19-0.21 m/s), not computed from two 1 point
data points far from the line

mivi

For the prediction with v1 = 0.50 m/s (from the first rows), giving 0.20 m/s, and noting 1 point

mi + ma
the agreement

(d) () 2 points
For computing the group’s quantity, (0.30x1 + 0.2023)/0.50, at the needed times (0.240 and 0.420 1 point
m at 0.0 s and 0.6 s; 0.485 and 0.544 m at 1.0 s and 1.6 s), or, equivalently, from the pucks’

velocities in each interval

For slopes of about 0.30 m/s before the interaction and about 0.10 m/s after it (accept £0.02 m/s) 1 point

FEquivalent route: the group’s quantity equals the true xcm, minus 0.2 (x3 — x1); the separation shrinks at 0.50
m/s before and grows at 0.50 m/s after, giving 0.20 + 0.10 and 0.20 — 0.10 m/s.

(d)(ii) 1 point
For selecting “No” and correctly explaining that during the interaction the magnets change the 1 point
pucks’ velocities in such a way that miAv; + moAvy = 0 (momentum conservation), so only

the average weighted by the correct masses has a velocity that does not change; with the masses

swapped, puck 1’s velocity change is overweighted, so the slope changes (from about 0.30 to 0.10

m/s) and the graph is two straight segments, not one line (no credit for this part without the

correct selection)

Citing only the two different slopes from (d)(i), with no reason why the correct masses avoid the change, does
not earn the point.

Trap: “Yes: each puck moves at constant velocity before and after, so any weighted average does too.” Each
segment is straight, but the two segments have different slopes; only the correct masses make them match.

Chapter 7: Work and energy
Question 7.1 (Same push, different blocks, page 42) 7 points

Correct selection: v1 > vo. The question asks for energy principles; a Newton’s-second-law argument, however
correct, does not earn the energy points.

For identifying the energy principle (at least by name): the work done on the block equals its 1 point
change in energy. Writing FA{ = %va alone does not earn this point, because that equation can

come from kinematics without any energy principle.

For stating that kinetic energy is K = 3mv? (not merely writing $muv?

somewhere) 1 point

For using the principle with zero initial kinetic energy and no internal-energy change (frictionless) 1 point
to conclude that the work done equals the final kinetic energy
For stating that work is force along the displacement times the distance, W = FA{ 1 point

For concluding that the work, and so the final kinetic energy, is the same in both experiments 1 point
because F' and A/ are the same
For concluding that the same kinetic energy with three times the mass requires a smaller speed 1 point

For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point
statements

Ezxample response: Take the block as the system. By the work—energy principle, the work done on it equals
its change in energy. The track is frictionless, so no thermal energy is produced, and the block starts at rest,
so all of the work becomes kinetic energy, K = %mvz. Work is the force along the motion times the distance,
FA/, and both are the same in the two experiments, so both blocks end with the same kinetic energy. The
second block has three times the mass, so to have the same kinetic energy it must be moving more slowly:

V1 > Ua.
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A response that does not say the initial kinetic energy is zero but argues that it is the same in both experiments
can earn the third point.

Trap: “Same force, same distance, so same speed.” Same work gives the same kinetic energy, not the same
speed.

Question 7.2 (Toys in slots, page 43) 12 points

(a)(d) 1 point
For reasoning, by conservation of mechanical energy for the ball-Earth system (frictionless, so no 1 point
thermal energy; the normal force does no work), that the ball’s kinetic energy at xo, and so its

speed there, depends only on its height there, and that the greater the height, the smaller the

speed

(a)(ii) 2 points
For reasoning that the ball must stay in contact, so each toy must start at the height where the 1 point
ball arrives: a step down launches the ball, and a step up is a wall. The first toy must start at

hpr, (A, B, or D), and the second must start at the height where the first ends

For reasoning that the greatest ending height, H, is reached only by A then E or by D then A (B 1 point
ends at h, and E cannot be reached from the platform), and both of these use Toy A

Trap: Choosing Toy E, the tallest toy, without checking that the ball can get onto it. From the platform, E
is a wall.

(a)(iii) 1 point
For selecting Toy D in Slot 1 and Toy A in Slot 2 and correctly explaining that the climb up A 1 point
takes the same time in either order (it starts at hpy, with speed vy both times), so the difference

is the level slot: D—A crosses it on D at the full speed vy, while A-E crosses it on E at height

H, where the ball is slowest; so D-A takes less time (no credit for this part without the correct

selection)

Equivalent explanation: a pointwise comparison of horizontal velocities that pairs corresponding points (the
two climbs up A match point for point; on the level toy the ball moves at vy on D but more slowly on E). A
comparison of speeds at the same x is not enough, because on the curved toy only the horizontal part of the
velocity sets the crossing time.

(b) 1 point
For selecting “Consistent” and correctly explaining that the graph shows Ug increasing with height, 1 point
which is what the reasoning in (a) used (higher means more potential energy and less kinetic

energy), and that the negative values reflect only where zero was chosen, since only differences in

Ug matter (no credit for this part without the correct selection)

Trap: “Inconsistent, because potential energy can’t be negative.” The zero of Ug is a choice.

(c) 1 point
For selecting “Inconsistent” and correctly explaining that at greater speed an object covers more 1 point
distance in the same time, so the greater-speed line should be the steeper one; the labels contradict

the reasoning in (a)(iii) that moving faster through a slot takes less time (no credit for this part

without the correct selection)

(d) 2 points
For identifying an incorrect feature: the x-acceleration is not —g (gravity is vertical, and on the 1 point
curved toy the acceleration is not constant), or the vertical height change h — hpy, is not an
z-displacement

For a correct justification, for example: the equation applies only to constant acceleration along 1 point
the same axis as the displacement; here the horizontal displacement across the slot is 1 and the

horizontal acceleration is neither —g nor constant. (Energy conservation gives the speed at x1; the

z-velocity there equals that speed only because Toy B is level at its right edge.)

Either incorrect feature, with a correct justification, earns both points.
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(e) 2 points
For reasoning that the climbs up A take the same time in both assignments, so the difference is 1 point

between crossing a level slot of width 7 at v (on D) and at the speed vy the ball has at height

H (on E): At="1_ 21
VH Vo

For using energy conservation to find the speed on E, vy = \/vg —2¢g(H — hpy), giving At = 1 point

:cl/\/vg —2g(H — hp) — x1/v0

Score (e) independently of (a)(iii); a difference written in the opposite order (a negative result) earns full credit

if both times are correct.

) 2 points

For applying conservation of mechanical energy to the ball-Earth system between the platform 1 point

and z = x1 (the normal force does no work on the frictionless ball), with the height drop hpy, — h:

imvg + mghpr, = $mv? + mgh (or the work-energy theorem for the ball alone, with the work

done by gravity mg(hpr, — h) and no work done by the normal force)

For v = \/vZ + 2g(hp1, — h) 1 point

Trap: Reusing the child’s equation from (d). It happens to give the same expression, because the speed

gained depends only on the height drop, but a constant-acceleration equation does not describe motion along

the curved toy. Such a response earns the second point only.

Question 7.3 (Ramp, collision, stuck blocks, page 46) 7 points

(a) 1 point
For selecting Ug ag:r > Ug s and correctly explaining with Ug = mgh and the chosen zero: 1 point
block A is at height H, so Ug,agr = magH > 0, while block B is on the floor, so Ug s&r = 0,

whatever the masses (no credit for this part without the correct selection)

(b) 3 points
For using energy conservation on the frictionless ramp: block A reaches the floor with speed v/2gH 1 point

For using conservation of momentum (not of kinetic energy) for the sticking collision: mav/2gH = 1 point

(ma +mp)vagB
m? gH

1
For K = i(mA +mp)vigp = 1 point

ma+mp
A response that conserves mechanical energy through the collision (K = magH ) earns only the first point: the
collision converts some kinetic energy to internal energy.
(c) 1 point
For selecting K5 > K; and correctly explaining that block A’s speed at the floor, v/2gH, does not 1 point
mav29H
depend on m 4, so with a larger m 4 the stuck blocks have both a larger common speed, ’4_'_79,
ma mp

m2A gH  magH
ma+mp l4+mp/my
part without the correct selection)
Score (c) for consistency with the expression found in (b), provided that expression is not K = magH.
(d) 2 points
For using energy conservation for the collision: the energy converted is block A’s kinetic energy 1 point
just before the collision, m4gH, minus the kinetic energy found in (b)

m? gH mamp gH

For AFE,, = magH — = 1 point
ma +mp ma +mp

and a larger total mass (or that increases with m4) (no credit for this
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Question 7.4 (Block on a free wedge, page 48) 7 points

(a) 1 point

For selecting “Greater than” and correctly explaining that the horizontal momentum of the block— 1 point

wedge system is conserved and at maximum height the block and wedge move together, so their

(block’s mass) v

—————————; the

m+ M

total mass is the same in both experiments, and the block’s initial momentum is larger in the

second (Mwv > mv) (no credit for this part without the correct selection)

(b) 6 points
M v?

m—&—M'@ in the first

common speed is the block’s initial momentum divided by the total mass,

Correct selection: “Less than.” No point is awarded for the selection itself. H =

m v?
oV oF in the second.
For reasoning that the horizontal momentum of the block—wedge system is conserved (all surfaces 1 point
frictionless; the external forces are vertical)
For reasoning that at maximum height the block is at rest relative to the wedge, so both move 1 point
(block’s mass) v

m+ M

For using conservation of mechanical energy for the block—wedge—Earth system (no friction): the 1 point
initial kinetic energy equals the kinetic energy of the common motion plus the gravitational po-
tential energy at maximum height
For finding (or arguing) that the energy left for height is the initial kinetic energy times the wedge’s 1 point

experiment and

with the same horizontal velocity, V =

Mwedge o Mwedge U

m—I—M’SOgHi m+M 2

For concluding that swapping the masses makes the wedge’s share smaller (m < M), so the new 1 point
height is less than H

For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point
statements

Trap: “Greater: the heavier block has more kinetic energy to turn into height.” More of that energy also

stays as kinetic energy of the shared motion, and the height depends on energy per unit mass of the block.

share of the total mass,

Question 7.5 (Spring launcher, page 49) 7 points

(a) 1 point
For selecting Eviec,c = EmecH,p and correctly explaining that the elastic potential energy 1 point
belongs to the spring (or the ball-spring system), not to the ball, so the ball’s mechanical energy

is only its kinetic energy, which is zero in both experiments because the ball is at rest (if the
gravitational potential energy of the ball-Earth system is included, it is also the same, because

the launcher is horizontal) (no credit for this part without the correct selection)

Trap: “Evmech,c is greater, because the spring is compressed more.” The question asks about the ball, not
the ball-spring system.

(b) 4 points
Correct selection: vgor > vver. No point is awarded for the selection itself.

For reasoning that the spring releases the same elastic potential energy in both trials (from B to 1 point
the relaxed position A), or equivalently does the same positive work on the ball

For reasoning that in the vertical trial the ball rises the distance from B to A while it is being 1 point
launched, so part of that energy becomes gravitational potential energy of the ball-Earth system,

while in the horizontal trial none does (or: in the vertical trial the gravitational force does negative

work —mgd on the ball from B to A, and in the horizontal trial it does none)

For concluding from this that less energy is left as kinetic energy of the ball in the vertical trial 1 point
(or that the net work on the ball is smaller), so its launch speed is smaller
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For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point

statements

(c) 2 points

For energy conservation for the ball-spring—Earth system from release at B to position A, including 1 point
1

the gravitational term: —kd? = Emv%ER +mgd

For vygr = 3.0 m/s (1kd? = 0.25 J, mgd = 0.0245 J with g = 9.8 m/s?, or 0.025 J with g = 10 1 point

m/s?)

Trap: Omitting mgd gives 3.2 m/s, which is vgog.

Chapter 8a: Rotational statics
Question 8a.1 (Rod in a bowl, page 51) 7 points

Correct selection: P is on line £. The selection earns no credit by itself; the points come from the paragraph.

For stating that in static equilibrium the net torque on the rod is zero about every axis, so any 1 point
axis may be chosen (a response that simply states that the net torque about P is zero because the

rod is in equilibrium also earns this point)

For choosing an axis through point P (or, equivalently, arguing about torques about P) 1 point

For reasoning that both normal forces have lines of action through P, so each exerts zero torque 1 point
about P (zero lever arm)
For concluding that the gravitational force must then also exert zero torque about P 1 point

For reasoning that a nonzero force exerts zero torque about P only if its lever arm about P is zero, 1 point
that is, only if its line of action passes through P

For concluding from this reasoning that P lies on line ¢, the line of action of the gravitational force =~ 1 point
(checking the blank does not earn this point)

For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point
statements

Ezxample response: When the rod is in static equilibrium, the torques on it add to zero about any axis I choose,
so I choose an axis through P. Both normal forces point along lines that pass through P, so their lever arms
about P are zero and they exert no torque about P. That leaves the gravitational force, whose torque about
P must therefore also be zero. Gravity is not zero, so its lever arm about P must be zero, which means its
line of action, line ¢, passes through P.

An alternative valid argument: three non-parallel forces on a body in equilibrium must have lines of action
that meet at one point. It earns the points if it is justified by zero met torque, not merely asserted.

Trap: Keeping the figure’s arrangement (“to the left, as shown”) without noticing that the figure was said
not to show equilibrium, or choosing the axis at the bowl’s center or at the tip out of habit and getting lost
in lever arms.
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Question 8a.2 (Shelf on two pegs, page 52) 12 points

(a) 3 points
For a downward force by the upper peg at the wall end and an upward force by the lower peg at 1 point
L/4
For the board’s weight drawn downward at L/2 and the cat’s force drawn downward at L 1 point
For no extra forces (no force from the wall, no horizontal forces), all forces labeled distinctly 1 point

Fp

A

Y
¢ Fcat
\J

Fy Mg

Courtesy figure, drawn for m = M/4 so that Fp = Fy + Mg+ mg (arrow lengths are not graded in (a)).
Points attach to the features described in words.

Trap: Drawing both peg forces upward, as if the board sat on two supports. With the cat at the far end, the
board would rotate down at the cat’s end and up at the wall end; the upper peg must hold the wall end down.
(b)(@) 1 point
For selecting the ranking Fp > Fyy > Mg and correctly explaining both comparisons: the vertical 1 point
force balance, Fp = Fy + Mg + mg, makes Fp the largest; and a torque comparison makes

Fy > Mg (for example, about the lower peg, the upper peg’s force and the board’s weight act at

the same distance % on opposite sides, and the upper peg must also balance the cat’s torque) (no

credit for this part without the correct ranking)

Any correct combination of torque and force balances, about any axis, is acceptable.

(b)(ii) 2 points
For a torque balance with correct lever arms and directions about a chosen axis (with the force 1 point
balance if needed to eliminate Fp); for example, about the lower peg: Fy - % =Mg- % +mg - %

For Fyy = (M + 3m)g 1 point
(c) 3 points
For setting the net torque to zero about a chosen axis, with correct lever arms and directions; for 1 point
example, about the upper peg, where the lower peg’s torque opposes the two weights’ torques:
Fp-=Mg-L+mg-L

For dealing correctly with the unknown Fy: about the upper peg, Fy has zero lever arm and 1 point
drops out, so the torque equation alone gives Fp (stated or clearly used); about any other axis,

combining the torque equation with the vertical force balance Fp = Fyy + Mg + mg to eliminate

Fy

For Fp = (2M + 4m)g 1 point
Any axis earns full credit if the method is carried through. The force-balance route also earns both of the first
two points: Fp = Fy + Mg+ mg with Fy = (M +3m)g from (b)(ii) (each step stated). The answer does not
contain L.

(d) 1 point
For selecting “Decrease” and correctly explaining, for example with torques about the lower peg, 1 point
that the cat’s torque, which the upper peg must balance, gets smaller as the cat’s lever arm shrinks

from % to %, while the upper peg’s lever arm (%) is unchanged, so Fiy must decrease (to Mg+mg);

torques about the wall end combined with the force balance are equally valid (no credit for this

part without the correct selection)

Trap: “Stay the same: the cat’s weight didn’t change.
not only on how much there is.

(e) 2 points

”

Each peg’s force depends on where the weight sits,
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For a torque balance about the lower peg (or an equivalent combination of torque and force 1 point
balances) with the cat’s torque now on the same side of the lower peg as the upper peg’s, both

opposing the board’s: Fy - % +mg - % =My - %

For Fy = (M —m)g 1 point
Trap: Keeping the cat’s torque on the board’s side and writing Fry = (M + m)g. With the cat at the wall
end, beside the upper peg, the cat’s weight helps hold the wall end down.

Chapter 8b: Rotational dynamics and angular momentum

Question 8b.1 (Five disks, page 54) 7 points

(a) 4 points
For correctly comparing torques using 7 = v F: A, B, C, and D all have torque FR (in B, twice 1 point
the force acts at half the distance); in E the force’s line of action passes through the axle, so the
torque is zero
For correctly comparing rotational inertias: the clay adds rotational inertia, and clay farther from 1 point
the axle adds more because each lump contributes mr2; so Ic > Ip > Ix = I
For combining these with Newton’s second law for rotation, a = %, to conclude that A=B >D 1 point
> C > E: equal torques with the smallest inertia give the largest angular acceleration, and E has
none
For a logical, relevant paragraph that connects these ideas to the ranking without contradictory 1 point
or incorrect statements
Ezxample response: The torque from each force is the force times its lever arm. A, C, and D each have F
acting at R, and B has 2F acting at g, so all four have torque F'R. The force on E points straight away from
the axle, so its lever arm is zero and so is its torque. The clay adds rotational inertia, and each lump adds
its mass times the square of its distance from the axle, so the clay in C adds more than the clay in D; A and
B have only the bare disk’s inertia. By a = ¥7 the same torque gives the largest angular acceleration where
the inertia is smallest: A = B > D > C, and E, with no torque, is last.
The ranking blanks are not scored. Values for reference: aq = ag = %, ap = %, ac = %, ag = 0.
The reasoning points do not require these values.
Trap: Ranking B above A because 2F > F'; ranking E with A because the force has the same size. Both
come from reading the force arrow’s length instead of the torque.
(b) 3 points
For the rotational inertia of disk D including the clay: Ip = %MR2 +2. % (%)2 = gMR2 1 point
For using Newton’s second law for rotation with torque F'R and constant angular acceleration from 1 point
rest, w = a At = %At (or the angular impulse-angular momentum theorem, FRAt = Ip w)

8F At

5MR
Trap: Leaving out the clay (I = %M R?) gives 2]@%’5; earns 1 of 3. Placing the lumps at R instead of % gives

I = MR?; earns 1 of 3.

For the correct expression w =

1 point

Question 8b.2 (Pull-cord top, page 55) 12 points

(a)(d) 2 points
For explaining in terms of force that the work is the same in both trials: the string pulls with the 1 point
same force F' along the direction its end moves, and its end moves the same distance L (the full

length of string) in each trial

For explaining in terms of torque that the work is the same: with the bigger sleeve the torque 1 point
is twice as large, but the same length of string wraps around twice the circumference, so the top

turns through half the angle, and the work done by the torque, which depends on torque times

angle turned, is unchanged

A response that states only that “the torque is larger but acts through a smaller angle,” without showing that
the two effects cancel, does not earn the second point.
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Example response: The string pulls with the same force and its end moves the same distance, the whole length
L, in both trials, so it does the same work. In terms of torque: the bigger sleeve doubles the torque, but the
string wraps around a circumference twice as long, so the same string unwinds in half as many turns. Twice
the torque through half the angle does the same work.

(a)(ii) 1 point
For selecting “The same as” and correctly explaining that with no friction all of the work done by 1 point
the string becomes rotational kinetic energy of the top, so the top has the same rotational kinetic

energy in both trials, and with the same rotational inertia the same kinetic energy means the same

angular speed (no credit for this part without the correct selection)

An angular-impulse explanation also earns the point if it shows the cancellation: the torque doubles and the
time of pulling halves, so the angular impulse and therefore the final angular momentum are unchanged, and
with the same rotational inertia the angular speed is the same.

Trap: “Greater than: the larger sleeve gives more torque.” The torque is larger, but it acts through a smaller
angle.

(b) 3 points
For a correct starting relationship with its physical basis identified: with no friction, the work done 1 point

by the string on the top equals the rotational kinetic energy the top gains, W = 1 Iw?; or Newton’s

=2
second law for rotation, o = %, with rotational kinematics for constant angular acceleration from
rest, w? = 2a Af
For justifying the connection between the string length and the motion: the work is F'L because 1 point
the force acts along the string while its end moves a distance L (or because the sleeve turns through
Af = %, soW =71A0 =Fr- %), in the kinematics route, A = %
2FL
1
No particular method is required. The answer contains no r; a final answer containing r earns at most 2
points. A bare FIL = %IwQ, with neither the work—energy identification nor a reason the work is F L, earns
the third point only.
(c)(i) 2 points
For identifying as correct that the torque doubles, with the reason that 7 = rF with the same 1 point
force F' acting perpendicular to a lever arm twice as long
For identifying as correct that the angular acceleration doubles, with the reason that a = 7 and 1 point
the rotational inertia is unchanged because the sleeve has negligible mass
(c)(ii) 2 points
For identifying as incorrect the conclusion that the top ends up spinning faster, with the reason 1 point
that the student ignores that the same length of string wraps around a sleeve with twice the
circumference, so it unwinds through half the angle (and in less time), and the doubled angular
acceleration acts for less; or for naming the omission, that the student assumes the larger torque
acts through the same angle (or for the same time)
For explaining that the two changes cancel exactly, so the final angular speed is the same: twice 1 point
the angular acceleration through half the angle gives the same w? = 2a Af; or twice the torque
through half the angle does the same work and gives the same rotational kinetic energy
A response to (c)(ii) that says only “the conclusion is wrong” earns nothing. The second point requires showing
that the effects cancel, not only that they act in opposite directions.

For w = 1 point

(d) 2 points
For identifying a step in the derivation in (b) that does not depend on the sleeve radius: work 1 point
W = FL (contains no r); or the product o Af = % - % in which r cancels

For explaining that because this step does not depend on the sleeve radius, doubling the torque 1 point
cannot change the final angular speed, so the student’s conclusion that the top spins faster is

incorrect

Score (d) against the method used in (b). An energy derivation and a kinematics derivation each have a valid
step to point to.

2026-10-03 00:05 New York time AP Physics 1 & 2 FRQ Bank Page 175/227 DAVIDLIAO.COM



Question 8b.3 (Stacked disks, page 57) 7 points

(a) 1 point
For selecting wy o = wy,1 and correctly explaining that the two-disk system’s angular momentum 1 point
top
Itop + Ibottom
scaling both masses scales both rotational inertias by the same factor, leaving the ratio unchanged

(no credit for this part without the correct selection)

The ratio is % wy = w/3 in both experiments.

(b) 4 points
Correct conclusion: the same length. No point is awarded for stating the conclusion alone; it is earned with
the third point.

For reasoning that the friction forces at the feet are proportional to the normal force, which is 1 point
proportional to the upper disk’s weight, so the frictional torques on both disks grow by the same

factor as the masses

For reasoning that the rotational inertias grow by the same factor, so each disk’s angular acceler- 1 point
ation (7/I) is unchanged

An energy route earns the first three points: the friction force and the kinetic energy that must be dissipated
(the initial minus the final kinetic energy) both scale with the masses, so the sliding distance, friction work
divided by friction force, is unchanged.

For concluding that each disk’s angular velocity changes in exactly the same way over time, so the 1 point
time until they match and the angle by which the upper disk slips relative to the lower disk are
unchanged; the arc length is the feet’s distance from the axis times that relative angle, so the arcs

are the same length

For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point
statements

Trap: “Longer, because the heavier disk presses harder and has more angular momentum to lose,” or “shorter,
because the larger friction stops the slipping sooner.” Each answer counts only one of two effects that cancel.
(c) 2 points

about the axis is conserved (no external torque about the axis), so wy = w, and

For finding the final angular speed from conservation of angular momentum, %M R?w = 1 point
(%MRz—l—%(QM)Rz) Wp, SO wy = 37 and using it in the final rotational kinetic energy,
1/3 wy2 1
S (2mR? (7) = ~ MR%w?
2 (2 ) 3 2
1 1

For the energy converted as the initial minus the final kinetic energy: ZM R2w? — 12M R?w? = 1 point

1

6 MR2w2

Trap: Assuming kinetic energy is conserved, or that the final angular speed is w/2 (equal masses would give
that; the lower disk is twice as massive).

Question 8b.4 (Lazy Susan, page 59) 12 points

(a) 1 point
For selecting the ball at the beginning of the first experiment and correctly explaining that both 1 point
have angular momentum of magnitude L1 = Iw, so the object with the smaller rotational inertia,

the ball (Izarr, < Ipisk), has the larger angular speed (no credit for this part without the correct

selection)

(b) 1 point
For explaining that the ramp’s surface rises in the ball’s direction of motion, so the normal force 1 point
from the ramp on the ball has a component opposite the ball’s motion (slowing it); by Newton’s

third law the ball pushes on the ramp with a component in the ball’s direction of motion, tangent

to the circle, which exerts a counterclockwise torque on the disk about the axle
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(c) 2 points
For reasoning that the angular momentum of the ball-disk system about the axle is conserved: 1 point
the axle is frictionless, the forces between ball and ramp are internal, and gravity, parallel to the

axle, exerts no torque about it; so the total angular momentum is L; in both experiments

For reasoning that at maximum height the ball is at rest relative to the ramp, so ball and disk 1 point
rotate together with the same combined rotational inertia in both experiments; with the same

angular momentum they have the same an2gular speed, so the kinetic energy at maximum height

Ly

2(IsaLL + Ipisk)

is the same in both experiments, (a bare statement that the energies are equal

earns neither point)
(d) 1 point

For selecting “Greater than” and correctly explaining that in each experiment only one object is 1 point
2

initially moving, with angular momentum L1, so its kinetic energy is Ly (or 3 Lyw with w = Ly /1);

for the same L, the smaller rotational inertia, the ball’s (Igarr, < Ipisk), gives the larger kinetic

energy (no credit for this part without the correct selection)

Trap: “Equal, because the angular momentum is the same.” Equal angular momenta do not mean equal
kinetic energies: K = L?/21.

(e) 1 point
For selecting hy > ho and correctly explaining that, with no friction, mechanical energy is con- 1 point
served, so the decrease in kinetic energy from the start to maximum height becomes gravitational

potential energy mgh; the final kinetic energy is the same in both experiments and the initial

kinetic energy is greater in the first, so the decrease, and therefore the height, is greater in the first

(no credit for this part without the correct selection)

) 4 points
For conservation of angular momentum: L, = (Igart, + Ipisk) wy 1 point
L2
For the initial kinetic energy 5] L (or %IBALLwS with wo = L1/IaLL) 1 point
BALL )
L L
For conservation of energy: L — L + mghy 1 point
, &Y 2Igar. 2(IaLL + Ipisk) g
LT
For hy = 1 _DISK (or an equivalent form) 1 point
2mg IsarL (IsaLy + Ipisk)
(g) 2 points
. o . L? L? .
For hs by the same method, with the disk initially moving: = + mghs, 1 point
2Ipisk  2(IBALL + Ipisk)
B L3 IaLL
so hy =
2myg Ipisk (QIBALL + Ipisk)
h T
For 11 — (DSK) 1 point
hao IgaLL

Score (g) for consistency with the student’s hy from (f). The result is greater than 1, as found in (e).

Chapter 10: Simple harmonic motion

Question 10.1 (Block between two springs, page 62) 7 points

(a) 3 points

For recognizing that the block is not attached, so it is pushed by only one spring at a time: it 1 point

spends half of each cycle on the left spring and half on the right spring

For the time on the left spring, half of a mass—spring period, m/m/kr, with the time on the right 1 point

spring, mv/m/kg, negligible because kr > kj,

For T ~ mn 1 point
kL

Trap: Writing T' = 27+/m/kr (the attached-spring period) or 2w+/m/(kr + kgr) (springs attached on both
sides). The block is not attached to either spring. Earns at most 1 point.
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(b) (i) 2 points
For a first correct feature with a correct physics explanation 1 point
For a second correct feature with a correct physics explanation 1 point

Part (b) no longer assumes which spring is stiffer (the 2021 wording could be read as kr > kr,, which would
make the longer positive half look wrong). Identifying a feature without a correct explanation earns no credit.
Acceptable correct features, with explanations: (1) The positive and negative parts last different times (1 s and
0.5 s): each part is half a cycle of a different spring, and w\/m/k depends on k, which differs. (2) Each part
has the shape of half a sine curve: while touching one spring, the block undergoes simple harmonic motion.
(8) The motion repeats with period 1.5 s, the sum of the two half-periods: nothing dissipates energy. (4) The
graph changes sides only at x = 0: that is where the block leaves one spring and meets the other.

(b) (i) 2 points
For identifying the equal amplitudes on the two sides as incorrect, explained with energy: the 1 point
block’s kinetic energy at x = 0 becomes spring energy at each turning point, %kLAQ = %kRA%, SO

the stiffer spring compresses less. (The side with the shorter half-period, the stiffer spring, should

have the smaller amplitude.)

For identifying the sudden change in slope at each crossing of x =0 (at t =1, 1.5s, 2.5 8) as 1 point
incorrect, explained by noting that the slope of an x—t graph is the velocity and the block passes

through = 0 with the same speed in both directions (no friction, both springs relaxed there)

The two incorrect features are connected (each half has mazimum speed Aw, so equal speeds with unequal w
require unequal A); a student may identify them in either order. Other genuinely incorrect features with correct
explanations also earn credit.

Trap: Calling the unequal half-durations an error (“SHM is symmetric”) or calling the equal amplitudes
correct (“the amplitude is set by how the block was started”). Only one amplitude is set by the start; the
other follows from energy.

Question 10.2 (Skate ramp, page 63) 7 points

(a) 4 points
Correct selection: “Increase inT.” The selection earns no credit by itself; the points come from the paragraph.

For reasoning that on each curved part (with h < R) the ball moves like a simple pendulum of 1 point
length R: it spends half a pendulum period, w1/ R/g, there, independent of how high it started

For reasoning that the time on the flat segment, I divided by the speed v/2gh (set by energy 1 point
conservation), does not depend on R

For concluding from these two pieces of reasoning that a larger R lengthens the time on the curves 1 point

2L
and leaves the flat-segment time unchanged, so T increases: T = 27/ R/g + ——

2gh
For a response that is logical, follows from start to finish, and contains no iné{)gct or irrelevant 1 point
statements
Ezxample response: Because h is much smaller than R, the ball on each curved part moves like a simple
pendulum of length R, so in each round trip it spends half a pendulum period, 7y/R/g, on each curve,
however high it was released. On the flat part it moves at the speed it gained by dropping h, v/2gh, so it
crosses in L/v/2gh, which has nothing to do with R. One round trip includes both curves and two crossings,
T = 2m\/R/g+ 2L/\/2gh. Increasing R makes the curve time longer and leaves the crossing time unchanged,
so T increases.
Trap: “No change, because the period of a pendulum doesn’t depend on amplitude.” True, but it does depend
on length, and here R plays the role of the length.
(b) 3 points
For identifying a consistent feature, with explanation: T increases as R increases, as reasoned in 1 point
(a)
For identifying an inconsistent feature: the best-fit line passes through the origin (or: the trend is 1 point
a straight line)
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For explaining it: even as R becomes small, the ball still needs time \/22];7,1 to cross the flat segment 1 point

twice, so T' cannot approach zero (or: the curved-part time grows like VR, so T vs. R should be
a curve that flattens, not a straight line)

Question 10.3 (Friction that grows with distance, page 64) 7 points

(a) 4 points
Correct selection: C. No point is awarded for the selection itself.

For reasoning that the friction force has magnitude puxmg = bmg x, so by Newton’s second law the 1 point
acceleration has magnitude bg x, proportional to the distance into the darker region, and points

backward

For explaining the shape, either by recognizing that a backward force proportional to x acts like 1 point
a spring force (with effective spring constant bmg), so while the block slides, z follows the first

quarter of a sine curve: it increases quickly at first and then more slowly, leveling off as the block

comes to rest; or kinematically: |a| o< x, so |a| grows at a rate proportional to the speed, which

falls to zero

For concluding from this reasoning that |a| starts at zero, rises at a decreasing rate, and levels off 1 point
at its maximum when the block stops, which is graph C

For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point
statements

Trap: Choosing D (“friction grows steadily”) or B (“the block slows down, so the acceleration decreases”).
The acceleration grows with distance, not with time, and the block covers distance more slowly as it slows.
(b) 3 points
For identifying the motion as a quarter cycle of simple harmonic motion (from the equilibrium 1 point
position to a turning point)

[bm
For the angular frequency from the effective spring constant: w = g _ v/bg (or the period 1 point
m

2m/1/(bg))
[1
For t = g o’ independent of vg 1 point
g
Trap: Including vy in the answer. As for any simple harmonic motion, the time is independent of the
amplitude.

Question 10.4 (Pendulum with a lower rod, page 66) 7 points

(a) 4 points
Correct selection: “Decrease.” No point is awarded for the selection itself.

For reasoning that At has two parts: swinging down to the lowest point as a pendulum of length 1 point
¢, and swinging up the other side as a pendulum of length ¢ — L (the part of the string below rod

B)

For reasoning that each part is a quarter of the period of a simple pendulum, 27/length/g, which 1 point
for small angles does not depend on how far the bob swings

For concluding from this reasoning that increasing L leaves the first part unchanged and shortens 1 point
the second pendulum, which shortens its quarter period, so At decreases

For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point
statements

Trap: “Increase, because a larger L makes the apparatus longer,” or “stay the same, because the string length
did not change.” Only the part of the string that swings counts.

(b) 3 points
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l
For the first quarter period, ;T\/7 1 point
g

{—L
For the second quarter period, g —_— 1 point

g
ForAt=ﬂ<\/7+1/H) 1 point
2\Vy g

Chapter 11a: Fluid statics
Question 11a.1 (Float in a fish tank, page 68) 7 points

(a) 2 points
For three forces and only three, each labeled distinctly: upward buoyant force, downward gravita- 1 point
tional force, downward tension

For the buoyant arrow longer than each downward arrow (equal to their sum, within drawing 1 point
accuracy )
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(b) 3 points
For treating the tank, water, and float as one system whose only external forces are gravity and 1 point
the scale’s upward force, so the scale’s force differs from the total weight only if the system’s center

of mass accelerates (before the cut nothing accelerates, so the scale reads the total weight)

For reasoning that as the float starts to rise, an equal volume of water moves down to take its place; 1 point
that water has more mass than the float, so the center of mass starts to accelerate downward, and

therefore the scale’s force, and its reading, is less than before the cut

For a logical, relevant paragraph that connects these ideas to the conclusion without contradictory 1 point
or incorrect statements

Example response: Before the cut everything is at rest, so the scale reads the total weight. After the cut the
float speeds up upward, but an equal volume of heavier water speeds up downward to fill in. The system’s
center of mass accelerates downward, so the scale pushes up with less than the total weight.

A correct argument using forces on the tank alone (the string no longer pulls up on the tank bottom, but the
water’s push on the bottom decreases by more than the string’s former pull) also earns the first two points if
each step is justified. The answer blanks are not scored.

Trap: “The same as: nothing was added to or removed from the tank.” That is true just before the cut,
when nothing accelerates; the part asks about just after.

(c) 2 points
For Newton’s second law with zero acceleration and the buoyant force p,Vg: pVg—prVg—T =0 1 point
For T' = (pw — ps)Vy 1 point
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Question 11a.2 (Floating cans, page 69) 7 points

(a) 6 points
Correct selection: di < ds. The selection earns no credit by itself; the points come from the paragraph.

For reasoning that each can is in equilibrium before and after, so the buoyant force must increase 1 point
by exactly the added weight, Am g, which is the same for both cans
For stating that the buoyant force equals the weight of the displaced water, Fg = pwater Vdisp 9 1 point

For concluding that each can must displace the same additional volume of water, AV = Am/pyater 1 point
For relating that volume to the extra depth through the cross-sectional area of the can: AV = Ad 1 point

Equivalent route for the second through fourth points: sinking an extra depth d raises the water pressure on
the can’s bottom by pyatergd, which adds an upward force pyatergd A on the bottom; this must equal Am g, so
d = Am/(pwaterA). A response that argues this way, with each step stated, earns those three points.

For concluding that the can with the larger bottom area (can 1) sinks the smaller extra depth 1 point

For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point
statements

Ezxample response: Each can floats both before and after, so the upward buoyant force on it balances its
weight. Adding Am adds weight Am g, so the buoyant force on each can must grow by that same amount.
The buoyant force is the weight of the water the can pushes aside, so each can must push aside the same extra
volume of water, Am/pyater- A can that sinks a little deeper pushes aside an extra slab of water whose volume
is its bottom area times the extra depth. Can 1 has the larger bottom, so it needs a thinner slab: d; < ds.
Trap: “Equal, because the same mass was added to both.” The same added mass gives the same added
displaced volume, not the same added depth.

(b) 1 point
For selecting “Less than” and correctly explaining that the floating can’s weight is unchanged, so 1 point
the buoyant force must be the same, and that a denser liquid supplies that buoyant force with a

smaller displaced volume (pVaisp ¢ fixed), so the can sits less deep (no credit for this part without

the correct selection)

Trap: “Equal: the same can with the same load needs the same buoyant force.” True, but the same buoyant
force in a denser liquid takes less displaced volume.

Chapter 11b: Fluid flow
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Question 11b.1 (Faucet stream, page 70) 7 points

(a) 6 points
Correct selection: “Less than.” The selection earns mo credit by itself; the points come from the paragraph.

For reasoning that the flow is steady, the water is incompressible, and no water leaves or joins the 1 point
stream between the points, so the same volume of water passes each point per second
For relating volume flow rate to area and speed: @ = Av (continuity, Ajv; = Asvs) 1 point

For reasoning that the water speeds up as it falls, because gravity acts on it (the pressure in the 1 point
open stream is atmospheric throughout, so pressure does not slow it)

This point can also be earned with Bernoulli’s equation between points 1 and 2, if the response says that the
pressure terms are equal (both atmospheric) and that the decrease in the pgy term must therefore appear as an
increase in the % pv? term. Writing the equation without that narration does not earn the point: the response
must leave no reasonable doubt that the student knows why the water speeds up.

For noting that point 2 is lower, so the water is moving faster there: vy > vq 1 point

For concluding that a larger speed with the same flow rate requires a smaller area 1 point

For a response that is logical, follows from start to finish, and contains no incorrect or irrelevant 1 point
statements

Ezxample response: The stream is steady and water doesn’t compress, and none is added or lost between the
two points, so the same volume of water passes point 1 and point 2 each second. That volume per second
equals the stream’s cross-sectional area times the water’s speed. The stream is open to the air all along, so the
only thing changing the water’s speed is gravity, which speeds it up as it falls; the water is moving faster at
point 2. Carrying the same volume per second at a higher speed takes a smaller area, so the stream is thinner
at point 2.

Trap: Explaining the narrowing as the air pressure “squeezing” the stream, or as surface tension. Neither is
needed, and a response built on either loses the reasoning points it replaces.

(b) 1 point
For selecting “Greater than” and correctly explaining that falling the same distance adds the same 1 point
amount to the square of the speed (v3 = v? + 2gh, where h is the distance from point 1 down

to point 2, from energy conservation or Bernoulli’s equation), which multiplies a larger v; by a

smaller factor, so ve /vy is smaller; by continuity As/A; = v1/ve, so the ratio is larger (closer to 1);

or, equivalently, a kinematic explanation: faster water spends less time falling between the points,

so0 it gains less speed (Av = g At), and that smaller gain is a smaller fraction of the larger vy, so

vy /vy is smaller and As/A; = vy /vs is larger (no credit for this part without the correct selection)

A response that says only that the water speeds up by the same amount, Av, does not earn the point: the gain
in speed is not the same; the gain in v? is.

Trap: “Equal: the stream falls the same distance, so it narrows the same way.” The same drop gives the
same increase in v?, which is a smaller fraction of a larger v?.

Question 11b.2 (Syringe pump and needles, page 71) 12 points
(a) 2 points
. o . md? .
For using continuity: @ = Av with A = e 1 point
4
For v = W—ffz 1 point
(b) 2 points

For choosing v and 1/d? (in either order), or another pair that gives a straight line from which @ 1 point
can be found

For a correct column of values, for example 1/d? = 2.78, 2.04, 1.42, 0.873, 0.533 mm 2 1 point
(c) 3 points
For correctly scaled and labeled axes (with units) that use more than half the grid 1 point
For correctly plotted points 1 point
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For a reasonable best-fit line (through or near the origin, with points on both sides) 1 point
(d) 2 points
For using the slope of the best-fit line, in any units (not two data points far from the line); for v 1 point
against 1/d?, about 1.9 m/s per mm~2 = 1.9 x 1076 m3/s

For Q = Z x slope =~ 1.5 x 1075 m3/s (1.5 mL/s); accept 1.4-1.6x107% m?3/s; or the equivalent 1 point

for the student’s axes (for example, Q = for 1/d? against v)

T
4 x slope
A student who graphed v against 1/d* with d in mm must convert units; an answer off by 10° because of units
earns the first point only.

(e) 3 points
For using a pair of data points with diameters in a ratio of about 2 to show that the statement 1 point
is incorrect: for example, from d = 1.37 mm to d = 0.70 mm (about half), the speed rises from

1.03 to 3.82 m/s, about 3.7 times, not 2. (Stating “incorrect” without such a comparison earns no

credit.)

For showing with the data that the speed is instead inversely proportional to the square of the 1 point
diameter: for example, vd? is nearly the same for every needle (1.85-1.97 m/s:mm?), or the ratio

3.7 matches (1.37/0.70)% ~ 3.8, or the straight line through the origin in (c)

For explaining with continuity: the same ) passes through every needle and the area depends on 1 point
d?, so halving d quarters the area and quadruples the speed

Trap: Agreeing with the student because “speed is inversely proportional to the needle’s size.” It is inversely
proportional to the area.

Chapter 11c: Fluids: statics and flow combined
Question 11c.1 (Aquarium siphon, page 73) 7 points

(a) 3 points
For applying Bernoulli’s equation along a streamline from the aquarium’s surface to the open end 1 point
of the hose (or energy conservation for a parcel of water moving from the surface to the open end,

with the work done by atmospheric pressure at the two ends cancelling)

For using atmospheric pressure at both places and negligible speed at the surface of the large 1 point
aquarium

For v = v/2gh (no y) 1 point
Trap: Including y, for example \/2g(h +y) or \/29(h — y), because the water “has to climb” first. The climb
and the descent of the loop cancel.

(b) 1 point
For selecting “Stay the same” and correctly explaining that the exit speed depends only on the 1 point
height difference h between the aquarium’s surface and the open end (from (a)), which has not

changed; or that the water slows on the way up to the higher top and speeds up again by the same

amount on the way down (no credit for this part without the correct selection)

(c) 1 point

For selecting “Less than” and correctly explaining with Bernoulli’s equation between the surface 1 point
and the top of the hose: the water at the top is higher than the surface and moving, so Pp =

Patm — pgy — % pv?, which is below atmospheric (or: the speed in the uniform hose is the same
everywhere, so between the top and the open end, where the pressure is atmospheric, the top is

higher by h+y and must be at lower pressure) (no credit for this part without the correct selection)

(d) 2 points
For using continuity for the whole system: the volume of water leaving through the hose each 1 point
second equals the volume by which the aquarium’s water decreases each second, Agvs = av

Ai\/2gh 1 point

S
Score the second point for consistency with the student’s answer to (a).

For vy =
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Question 11c.2 (Bottle with two holes, page 74) 7 points

(a)(d) 2 points
For identifying a correct aspect: the pressure inside the bottle is greater at hole A, or the water 1 point
leaves hole A faster

For a correct reason: pressure increases with depth, P = P,y + pgd; or, by Bernoulli’s equation, 1 point
the exit speed is 4/2gd, which is larger for the greater depth d

(a)(ii) 2 points
For identifying the incorrect aspect: the conclusion that the water from hole A lands farther 1 point

For explaining that the landing distance also depends on how long the water is in the air, which 1 point
is shorter for the lower hole A, and showing that this effect wins here: with the result of (b), hole

A’s water lands at @H ~ 0.87H and hole B’s at H, so hole B’s water lands farther. (Noting the

shorter fall time alone shows only that the claim is unsupported, not that it is wrong; it does not

earn this point.)

A student may compute the distances in (b) and use them here.

Trap: Ranking the landing distances by exit speed alone. Speed and time in the air pull in opposite directions.

(b) 3 points
For the exit speed from Bernoulli’s equation (or energy conservation): v = y/2g(H — y) 1 point
For the time to fall height y from horizontal launch: t = /2y/g 1 point

For D = vt =2/y(H — y) 1 point
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AP Physics 2: Scoring Guidelines

Prepared with assistance from Claude, an Al model made by Anthropic. “Example response” entries show one
acceptable response, not a required one. Trap notes tell the tutor what a careless or pattern-matching reader is
likely to write. Numerical answers in these guidelines use g = 9.8 m/ 82; answers that use g = 10 In/s2 earn full
credit unless the question specifies 9.8.

Chapter 7: Potential-energy landscapes
Question 7.1 (Magnet cart on a track, page 77) 10 points

(a)(i) 1 point
For selecting 7 cm and correctly explaining that the magnitude of the force equals the magnitude 1 point
of the slope of the U—z graph, which is steepest at 7 cm (between 6 cm and 8 cm the graph rises

4Uy, the largest change over any of the equal 2 cm intervals) (no credit for this part without the

correct selection)

(a)(ii) 1 point
For selecting —x and correctly explaining that the graph slopes upward at 3 cm and the force 1 point
points toward lower potential energy (F,, = —AU/Ax) (no credit for this part without the correct

selection)

Trap: Answering +x because the cart “moves uphill” to the right, or zero because U is not extreme at 3 cm.
The force depends on the slope, not on the value of U or on the direction of motion.

(b)(3) 1 point
For selecting “No” and correctly explaining with energy conservation that, released from rest at 1 1 point
cm, the cart’s total energy is 2.5Uj, which is less than the 3U, peak at 4 cm, so the cart cannot

get over the peak (no credit for this part without the correct selection)

(b)(ii) 2 points
For reasoning that the total energy stays 2.5Up, so the cart can be only where U < 2.5U; (kinetic 1 point
energy cannot be negative), and the ends of its range are where U = 2.5U

For the range from z = 1 cm to about = 3.3 em (accept 3.2-3.4 cm), between 3 cm and 4 cm on 1 point
the rising part of the curve

Score (b)(ii) for consistency with the total energy the student found in (b)(i).

(c) 2 points
For identifying the error: at the minimum of U the kinetic energy is greatest, not zero; the cart 1 point
moves fastest there

For explaining that the cart is at rest only at turning points, where U equals the total energy; at 1 point
2 c¢m the force is zero, which means the acceleration (not the velocity) is zero

(d) 3 points
For using energy conservation with the peak at 4 cm as the limiting point: %mv2 +Uy > 3Up (once 1 point
over the peak, the cart reaches 6 cm, where U = 0)

(U
For vpin = 2 EO (or \/4Up/m) 1 point

For using energy conservation from 2 cm (total energy just over 3Up) to 6 cm, where U = 0, to get 1 point

1 0o

2mug ~ 3Uy, 0 vg ~

m
Trap: Using the energy difference between 2 cm and 6 cm (1Uy — 0) and concluding that any speed works.

The cart has to get over the peak in between.
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Question 7.2 (Two bonded atoms, page 79) 12 points

(a)(d) 1 point
For r = rg, justified by the force being the negative of the slope of the U graph (F = —AU/Ar), 1 point
which is zero at the minimum of U (a bare reading of ro does not earn the point)

(a)(ii) 1 point
For selecting “Repulsive” and correctly explaining that at 0.75ry the graph slopes downward as » 1 point
increases, so the force F' = —AU/Ar is in the +r direction, pushing the atoms apart (no credit

for this part without the correct selection)

(b) (i) 1 point
For about 0.80ry and 1.35r¢ (accept £0.05r(), where the E; line meets the curve 1 point
(b)(ii) 1 point
For about 0.69r¢ (accept £0.057¢) and 2.0r¢ (accept £0.17¢) 1 point
(b)(iii) 1 point
For selecting F> and supporting it with averages calculated from the student’s estimates in (b)(i) 1 point
and (b)(ii) (about 1.07rg for E; and 1.35r¢ for Ea) (no credit for this part without the correct

selection)

(b)(iv) 1 point
For reasoning that the kinetic energy is greatest where U is least, at r = ry, where U = —Up, so 1 point
Kax = Ea — (—Uy) = 0.75U,

(c) 1 point

For explaining that with a well of the same shape on both sides of its minimum, raising the energy 1 point
would move the two turning points away from ry by equal amounts, so the average of the smallest

and largest separations would stay at ry at every energy, and heating would not change the average

separation

(d) 2 points
For reasoning that heating gives each pair more vibrational energy, which raises the total-energy 1 point
line on the graph, and that the pair vibrates between the two separations where that line meets

the curve (U equals the total energy)

For reasoning from the asymmetry: the curve is steep for r < rg and shallow for » > rp, so 1 point
raising the energy moves the outer turning point out much more than it moves the inner turning

point in (for example, from about 0.80r¢ and 1.35r9 at E; to about 0.69r¢ and 2.0rg at Es); the

average separation therefore increases, neighboring atoms are farther apart on average, and the

solid expands

Ezxample response: Heating the solid gives each pair of atoms more vibrational energy, which raises the total-
energy line on the graph. The pair vibrates between the two separations where that line meets the curve. The
curve is very steep at small separations and shallow at large ones, so raising the line pushes the outer turning
point much farther out than it pulls the inner one in. The average separation therefore grows, and since every
pair is farther apart on average, the solid is larger.

Trap: “The atoms vibrate harder and push each other apart” with no reference to the graph’s asymmetry.
Bigger vibrations alone don’t change the average separation.

(e)(i) 2 points
For the sign: F positive (repulsive) for r < ro, zero at r = rg, and negative (attractive) for r > rg, 1 point
approaching zero at large r

For the shape: the repulsive force grows steeply as r decreases below 7y (far larger than any 1 point
attractive force on the graph), and the attractive force is greatest in magnitude near r ~ 1.35rg,

where the U curve is steepest for r > 7, then shrinks toward zero

A repulsive branch that rises off the top of the grid is accepted (the repulsive force reaches about 11Uy/r¢ at
0.6r¢). The force is F = —AU/Ar. For this model the force is about +4 Uy /1o at 0.75r¢ and has its greatest
attractive magnitude, 1.0 Uy/ro, at 1.35r9.

(e)(ii) 1 point
For identifying the steepest part of the curve for r > ry (near 1.3-1.47¢) and using the slope of a 1 point
tangent there to estimate a magnitude of about 1.0 Uy/r¢ (accept 0.8-1.2 Uy/ro)
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Trap: Reading the depth of the well, Uy, or the value of U at some separation as the force. The force is the
slope of the U graph, not its value.

Chapter 11: Waves and sound

Question 11.1 (Guitar string, page 81) 12 points
(a) 3 points
For the wave speed on a string, v = /T /u 1 point
For the fundamental wavelength with both ends fixed, A = 2L 1 point

1 /T
Forf:%:ﬁ,/E 1 point
Trap: Using A = L (one full wave between the ends) gives f = %\/T/u; earns 2 of 3.
(b) 2 points

For choosing f? and T (in either order), or another pair giving a straight line from which p can 1 point
be found (for example f and v/T)

For a correct column of values, for example f2 ~ 19900, 29 200, 39 600, 48 800, 59 500 Hz? 1 point
(c) 3 points
For correctly scaled and labeled axes (with units) that use more than half the grid 1 point
For correctly plotted points 1 point
For a reasonable best-fit line 1 point
(d) 2 points

For using the slope of the best-fit line, about 490-500 Hz?/N for f2 vs. T (not two data points far 1 point
1

from the line), and relating it to u: slope =

2
For p~ 1.2 x 1073 kg/m (accept 1.1—1.3><104’lé lljg/m) 1 point
(e) 2 points
For about 100 Hz (half of the 199 Hz measured at 80 N) 1 point
For reasoning that f oc 1/,/11 at fixed tension and length, so four times p halves f 1 point

Trap: Predicting one-fourth of the frequency, about 50 Hz, by treating f as inversely proportional to .

Question 11.2 (Blowing across jars, page 83) 10 points

(a)(i) 2 points
For a displacement node (N) at the water surface, where the air cannot move, and a displacement 1 point
antinode (A) at the open top of the jar (or just above the rim)

For a quarter-wavelength pattern: the amplitude grows steadily from the node at the water to the 1 point
antinode at the top, with no other node or antinode in between, and nothing drawn in the water

(a)(ii) 1 point
For selecting “Higher than” and correctly explaining that the vibrating air column is closed at the 1 point
water and open at the top, so its fundamental wavelength is four times (or at least proportional

to) the air column’s length; jar A’s air column is shorter, so its wavelength is shorter, and with

the same speed of sound, f = vs/A is higher (no credit for this part without the correct selection)

Trap: Reasoning from the water (“more water, heavier, lower pitch”). When the jar is blown across, the air
column, not the water or the glass, is what vibrates.

(b) 2 points
For the air-column length H — d and the closed—open fundamental A = 4(H — d) 1 point
For f = ﬁ 1 point
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(c)(@) 2 points

For finding the air-column lengths, % at Septh % z?nd g at depth g, and using them in the 1 point
ion f b) for both depths: f; = —, f = —

expressm:r; rom (b) for bo epths: f1 ST f Vi

For f = §f1 1 point

Score (c)(i) for consistency with the student’s expression in (b) if it depends on H — d.

(c)(ii) 1 point

For selecting “No” and correctly explaining that the frequency is inversely proportional to the air 1 point
column’s length H — d, not proportional to the depth, so doubling the depth from % to % shortens

the column only from % to g and multiplies the frequency by %, not by 2 (or by %) (doubling it

would take a depth of 32) (no credit for this part without the correct selection)

(d) 1 point
For selecting “Increase” and correctly explaining that the wavelength is fixed by the air column’s 1 point
length, which has not changed, so a greater speed of sound gives a greater frequency, f = vs/A (no

credit for this part without the correct selection)

(e) 1 point
For a ratio of 3, explained by noting that a column closed at one end and open at the other 1 point
has a node at the closed end and an antinode at the open end, so it holds only odd numbers of

quarter wavelengths; the next mode has L = %)\, a wavelength one-third as long, so three times

the frequency

Trap: Answering 2, as for a string fixed at both ends or a pipe open at both ends. A closed—open column
has no even harmonics.

Question 11.3 (Playing music over fiber, page 85) 12 points

(a)(@) 1 point
For selecting “Less than” and correctly justifying it: total internal reflection can occur only when 1 point
light strikes a boundary with a medium of smaller index; by Snell’s law, nsin § = ng sin ., so if

neq > n there is always a refracted angle with sin 6 < 1 and some light always enters the cladding

(no credit for this part without the correct selection)

Trap: “Greater than, so the cladding acts like a wall that bounces the light back.” Light going into a denser
medium always has a refracted ray; total reflection needs the smaller index on the far side.

(a)(ii) 2 points
For identifying the smallest angle as the critical angle, at which the refracted ray would travel 1 point
along the boundary (refraction angle 90°): nsinf. = n¢ sin 90°

. —1( el . .
For 6, = sin 1 (—C> (or sinf. = neq/n) 1 point
n
An answer consistent with a reversed choice in (i) does not earn the second point, because sin™'(n/ny) is

undefined for n < ng unless the student explicitly writes the correct ratio. For typical fibers (n = 1.47,
neg ~ 1.46), 0. ~ 83°: only rays traveling nearly along the fiber are guided.

(b) 2 points
For setting the travel time of sound in the room, d/vs, equal to the time for the signal to travel 1 point
d L L
the length L in the fiber at speed ¢/n: — = — = il
vs  ¢/n ¢

For d = nvs L

c
Trap: Using c for the speed in the fiber (dropping n), or dividing by n (d = vsL/(nc)). Light is slower in
glass, so the fiber delay is n times the vacuum delay.

(c) 1 point

1 point

For selecting “Less than” and correctly justifying it: with index near 1 the light travels at nearly ¢, 1 point
faster than ¢/1.47 in glass, so it travels the same length in less time, and the equivalent separation

d = nvsL/c is smaller, by a factor of about 1/1.47 (no credit for this part without the correct

selection)
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Accept the reasoning stated as “d is proportional to n” from (b), or as consistent with the student’s expression
in (b) if that expression is wrong.
(d) 2 points
For explaining that in one room, A also hears B’s note only after the sound has traveled from A 1 point
to B and back, so the delay A notices in the room is also a round-trip time, 2d/vs (both delays
double)

2d

2nL
For concluding that — = e gives the same separation d as in (b), not 2d 1 point
c

Ezxample response: Thse student is right that A waits twice the one-way fiber time, 2nL/c. But if the musicians
stood in one room, A would also wait for the sound to go to B and for B’s sound to come back, a time 2d/v;.
Setting these equal, the factor of 2 cancels, so the separation is still d.

Trap: Agreeing with 2d, which compares a round trip over the fiber with a one-way trip in the room.

(e) 3 points
nL  (1.47)(1.2 x 10° m) .
F = — = ~ 0. 1 -3 . 1
or t p 3.00 x 10° mJs 5.9 x 107° s (5.9 ms) point
For d = vst = (343 m/s)(5.9 x 1073 s) ~ 2.0 m (or d = nvsL/c from (b)) 1 point
cd  (3.00 x 10° m/s)(8.0 m)

For the length in the fiber L =
8.0 m
)

Accept 4,700-4,900 krﬁ, ronr a value consistent with the student’s d for 1,200 km when found by scaling. Accept
5.8-6.0 ms and 1.9-2.1 m. Using the straight-line distance, 950 km (about 4.7 ms and 1.6 m), or omitting
n (about 4.0 ms and 1.4 m) does not earn the first point but earns the second point if d = vst is correctly
computed from the student’s time.

The punchline: over 1,200 km of ideal fiber, the delay matches that of two musicians about 2 m apart in a
room, closer than many ensembles sit. In practice the delays the question set aside are usually larger than
this.

) 1 point
For selecting “Greater than” and correctly justifying it: the signal travels at least 2 x 36,000 = 1 point
72,000 km, about 60 times the 1,200 km in the fiber, while it moves only 1.47 times as fast, so the

travel time is about 40 times as long (about 0.24 s, compared with about 6 ms) (no credit for this

part without the correct selection)

A ratio argument without computing either time earns the point if it compares both the distances and the
speeds. The satellite delay matches two musicians about 80 m apart in one room.

Trap: “Less than, because radio waves in space travel at c, faster than light in glass.” The speed is only
about 1.5 times as great, but the path is about 60 times as long.

~ 4.8 x 10 m (4,800 km) (or by 1 point

nus (1.47)(343 m/s)
scaling: 1,200 km x

Chapter 12a: Electric charge, field, and potential
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Question 12a.1 (Equipotential map, page 87) 10 points

(a) 3 points
For both arrows perpendicular to the equipotential lines 1 point
For both arrows pointing toward lower potential (away from the lower-left corner) 1 point
For the arrow at P longer than the arrow at Q 1 point

Courtesy figure (the dashed arrow at Cis part (c)(i)). Near P the potential drops 2V over about 1 c¢cm; near
Q it drops Vi over about 2 cm, so the field at P is about four times stronger. Only “P longer” is graded.
(b)(@) 1 point
For selecting “The same as” and correctly explaining that the object is moved slowly, so the work 1 point
done by the hand equals the change in the electric potential energy, ¢ AV, which depends only

on the potentials at A and B and not on the path (no credit for this part without the correct

selection)

Trap: “Greater than: path 2 is longer.”

(b) (ii) 2 points
For relating the hand’s work to the electric potential energy: the object is moved slowly, so its 1 point
kinetic energy does not change and Wyana = AUg = ¢ (Vg — V4) (equivalently, Whand = —Wseld)

For W = q(2Vh — 4Vh) = —2qVp 1 point
Trap: Writing +2¢V,. The hand holds back a positive charge that the field pushes toward lower potential,
so the hand does negative work.

() (@) 1 point
For an arrow at C perpendicular to the equipotential line, pointing toward higher potential (toward 1 point
the lower-left corner), with the reason that the force on a negative charge is opposite the field

(c)(ii) 3 points

For applying conservation of energy with the electron starting from rest: %mv2 —0=-AUg 1 point

For AUE = ¢ AV = (—e)(4Vh — 2Vp) = —2¢eV} 1 point

)
[4eV, \%

For v = € _q, /0 1 point
m m

Trap: A sign slip with ¢ = —e makes the kinetic energy negative. A student who then drops the sign to get
a real speed has the right answer for the wrong reason; the second point requires the correct sign of AUE.

A magnitude route earns all three points: the electron moves to higher potential, so its electric potential energy
decreases by e(4Vy — 2Vh) = 2eVy, and that energy becomes kinetic energy, %mv2 = 2eVp.
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Question 12a.2 (Charged sphere, three regions, page 88) 10 points

(a)(d) 2 points
For relating a region’s potential difference to the field there, by any one route: it is the area 1 point
under the F vs. r graph over that region; or it is approximately the average field times the width,

AV = E,,;Ar (equivalently, the work done on a test charge ¢ is about ¢E.zAr). (Going on to

compare regions, e.g., that of equal-width regions the one with the stronger field has the larger

potential difference, is acceptable but not required here.)

For reasoning that doubling the field strengths throughout a region (the region keeping its width) 1 point
doubles that region’s potential difference, because the width is unchanged while every field strength

in it is doubled (the further conclusion that AVp_, 4 increases by that region’s original potential

difference is acceptable but not required here)

Example response: The potential difference across a region is about the average field strength in the region
times the region’s width, AV ~ E,,;Ar. If every field strength in the region is doubled, the average field
doubles while the width stays the same, so that region’s potential difference doubles.

(a)(ii) 1 point
For selecting “Region I only” and correctly explaining that region I has the largest potential 1 point
difference of the three, because the regions are equally wide while the field outside the sphere

decreases with distance (E oc 1/r?), so the field is strongest in region I (or from V = kQ/r: %,

%, % for regions I, 11, IIT); doubling it therefore adds the most (no credit for this part without

the correct selection)

Trap: “Region III, because it is farthest from the sphere,” or “All the same, because the regions are the same
width.” Equal widths matter only if the field were uniform.

(b) 1 point
For selecting “Consistent” and correctly explaining that the sketch shows the field strongest just 1 point
outside the surface and decreasing outward, so the potential difference across region I is the largest,

as the reasoning in (a)(ii) requires (e.g., a stronger field over an equal width, or the largest area

under the curve) (no credit for this part without the correct selection)

The zero field inside the sphere does not affect the answer, because all four points are at or outside the surface.
(c) 1 point
For selecting “Inconsistent” and correctly explaining, by either route: the kinetic energy gained 1 point
over a short distance is gF Ar, so the slope of the K vs. r graph is proportional to E, and since F

is largest just outside the sphere, K should rise most steeply at » = R, but the sketch is flat at R

and steepest farther out; or the kinetic energy gained across each region is ¢gAV for that region, so

by (a)(ii) the gain across region I should be the largest (by V = kQ/r, the gains are in the ratio

6 : 2 : 1), but the sketch gains less across region I than across region II (no credit for this part

without the correct selection)

In the sketch, K rises by about 1.1, 1.8, and 0.8 units (on the drawing’s scale) across regions I, II, and III.

Trap: “Consistent, because K increases with r.” The direction is right; the shape near the sphere is wrong.

(d) 3 points
For applying energy conservation with the potential outside the sphere: K = ¢(Vg — V,) = 1 point
1 1 k k
kqQ (R - ), where Vi = fQ is the potential at the surface (or the equivalent with U = q—Q)
r r
k 3k 1
For KB:;—RQand KD:%RQ (Withk:M) 1 point

For reasoning that the kinetic energy gained across region I is Kz — 0 = Kp, so the fraction is 1 point
Kp/Kp = 2 (consistent with the student’s expressions)

Trap: Using V o< 1/72, or taking K = ¢V at the point instead of ¢ times the potential difference from the
surface.

(e) 2 points
For a curve that starts at K = 0 at » = R, increases throughout, and is consistent with the values 1 point
in (d) (K at 2R is two-thirds of K at 4R)
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For a curve that is steepest at r = R and becomes less steep as r increases (concave down), leveling 1 point

k
off toward %Q; drawing or labeling this limiting value is not required

R 2R 3R 4R

Courtesy figure, drawn as K = % (1 — %) with % = /4 squares: K at 2R, 3R, 4R is 2, 2.67, 3 squares, so
the gains across regions I, II, III are in the ratio 6 : 2 : 1, as in (a)(ii). The curve need not reach % on the
azes; it should not reach or exceed it by r = 4R.

Chapter 12b: Circuits and capacitors
Question 12b.1 (Capacitor with two resistors, page 91) 12 points

(a) 1 point
For selecting “Greater than” and correctly explaining that just after closing the uncharged capac- 1 point
itor has no potential difference across it, so current passes through the capacitor branch and the

circuit’s resistance is only R; (all of the emf is across Rp), while a long time later the capacitor

branch carries no current, so the resistance is R; + R and the current is smaller (no credit for this

part without the correct selection)

Ezxample response: Just after closing, current can go through the uncharged capacitor instead of Ro, so the
circuit’s resistance is only R;. Later the capacitor passes no current, so the resistance is Ry + R and the
current is smaller.

The part says “briefly.” A response need not name the loop rule or write Iy = £/ Ry ; any correct comparison of
the resistance, or of the potential difference across Ry, at both times earns the point. A response that describes
only one of the two times does not.

Trap: Treating the capacitor as a break in the circuit at ¢ = 0 (the long-time behavior) gives “The same as.”
(b)(1) 2 points
For explaining that a long time after closing, the capacitor is fully charged and no current flows in 1 point
its branch, so R; and R, are in series and carry the same current, which is not zero because there

is a complete path through them; therefore there is a nonzero potential difference across R

For explaining that the capacitor is in parallel with Rs, so its potential difference equals that across 1 point
Ry, and around the loop the emf is shared between R; and Rs; since part of the emf is across R,

the capacitor gets less than £

Example response: Long after closing, no current goes into the capacitor, but current still flows from the
battery through R; and then R,. Because there is current in Ry, there is a potential difference across it. The
battery’s emf is split between R; and Rs, and the capacitor, being in parallel with Rs, has only Rs’s share,
which is less than £.

Trap: “The capacitor charges until its potential difference equals the battery’s emf.” That is true for a
capacitor in series with a resistor and no other path; here the steady current through R, keeps a potential
difference across R;.

(b)(ii) 1 point
For selecting “Greater than” and correctly explaining that R; and the new resistor share the emf 1 point
in proportion to their resistances, so the larger resistor takes a larger share (or: the current is

smaller, so the potential difference across R; is smaller and more of the emf is left across the

resistor), and the capacitor, in parallel with that resistor, has a larger potential difference and so

holds more charge (no credit for this part without the correct selection)
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Example response: With 2R, in place, Ry takes a larger share of the emf. The capacitor is in parallel with it,
so it has that larger potential difference and therefore holds more charge.

An explanation that consists of manipulating Q = gi’% earns mo credit, because the part says not to use
equations.

(c) 3 points

For the current long after closing: I = , using zero current in the capacitor branch (or, by 1 point

R+ Ry
the voltage-divider route, for treating Ry and Rs as in series because the capacitor branch carries

no current, so the emf divides in proportion to the resistances)

ER
For the potential difference across the capacitor equal to that across Ra: AVe = IRy = ﬁ 1 point
1 2
CERy
For Q=CAVy = —— 1 point
Q = BRI R P
(d) 2 points
For identifying AVy = Rf fﬁ%z (or AVg, = IR,) as the step that shows Ry’s share of the emf 1 point
For explaining that the fraction Rfﬁm increases when Ry increases, so the capacitor’s potential 1 point

difference and charge increase, as argued in (b)(ii)

Score (d) against the student’s own (b)(ii) and (c). If (b)(ii) argued from the current instead (larger Ra,
smaller current, but AVgs, = IRy still grows), then pointing to I = ﬁ together with AV = I Ry earns both
points. If (c) used Kirchhoff’s loop rule, pointing to € — IRy — AV = 0 and arguing that IRy shrinks earns
both points.

(e) 3 points
For a curve that starts at I, =0att =10 1 point
For a curve that increases with decreasing slope and levels off, without overshooting 1 point

For labeling the value the curve approaches as 1 point

Ri 4+ Ro
Iz

_&
R1+Ro

t
0

Courtesy plot. The points attach to the features described in words; the exact curvature is not graded. I
starts at zero because the uncharged capacitor, in parallel with Ro, puts no potential difference across Ro; no
explanation is required.

Trap: Sketching the familiar decaying capacitor-current curve, which is the current in R; (or in the capacitor),
not in Rs.

Question 12b.2 (Conductive dough, page 93) 12 points

(a) 4 points
For rolling the same lump (none added or removed) into uniform cylinders of several different 1 point
lengths

For measuring each length with the meterstick 1 point
For measuring the resistance between the foil disks with the multimeter on its resistance setting 1 point
(or using it to measure current and potential difference with a source, and computing R = %)

For a way to reduce uncertainty: several lengths, repeated measurements at each length, or checking 1 point
uniform thickness with calipers

(b) 2 points

For using R = % with A = % because the volume is fixed 1 point
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For R = — 1 point
Va
(c) 3 points
For choosing R versus ¢2 (or another pair consistent with the student’s answer to (b) that should 1 point
be linear)
For labeled axes with units, scales that use more than half of the grid, and all points plotted 1 point
correctly
For a straight best-fit line with points on both sides 1 point
2,000 [- | | e
1,500 -
S
© 1,000 -
500 |- -
0 | | |
0 0.02 0.04 0.06
£2 (m?)
Courtesy plot. €% values: 0.0025, 0.0100, 0.0225, 0.0400, 0.0625 m?. The best-fit slope is about 3.1 x10* Q/m?.
(d) 1 point

For selecting “No” and correctly explaining from the data that doubling the length roughly quadru- 1 point
ples the resistance rather than doubling it (for example, 0.100 m to 0.200 m takes R from 305 Q

to 1238 ), or that R versus £ curves while R versus ¢? is straight (no credit for this part without

the correct selection)

Trap: The claim holds for a wire whose thickness is fixed. Here, rolling the same lump longer also makes it
thinner; reading “same lump” carefully is the point of the question.

(e) 2 points
For relating the slope to the resistivity: slope = V%’ so p = (slope) Vg 1 point
For a value consistent with the student’s line, about 0.25 Q - m (accept 0.22—-0.28 2 - m) 1 point

Chapter 13: Magnetism
Question 13.1 (Proton-therapy bending magnet, page 95) 10 points

(a) 2 points
For a path that curves toward the top of the page (the force on a positive charge moving right in 1 point
a field into the page is up the page, F= qU X B')

For a circular arc that starts tangent to the entering direction and is a half circle, ending at the 1 point
boundary with the proton moving back to the left

(b) 3 points
For energy conservation in the accelerating stage: eV = %va, so v =+/2eV/m 1 point
2
For Newton’s second law with the magnetic force as the centripetal force: evB = me. 1 point
r
1 /2mV V2meV
For r = — o 1 point
tr B\/ e (or eB ) P
(c) 1 point

For selecting “Greater than” and correctly justifying it: from (b), r o< v/m/q at the same V and 1 point
B, and m/q is twice as large for the alpha particle (4m/2e), so its radius is larger (by a factor of

V/2; the factor is not required); or equivalent reasoning about the alpha particle’s speed (% times

the proton’s) and the force on it, carried through to the radius (no credit for this part without the

correct selection)

Trap: “Less than: twice the charge means twice the force, so a tighter turn.
twice the energy and has four times the mass.

”

The alpha particle also gains
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(d) 1 point
For selecting “Stay the same” and correctly explaining that the radius is proportional to the 1 point
speed (evB = mv?/r, so r = mv/(eB)), so a faster proton travels a proportionally longer half

circle, and the time 7r/v = mm/(eB) does not depend on the speed; or that the angular speed

w =wv/r = eB/m does not depend on v and the proton always turns through half a revolution (no

credit for this part without the correct selection)

Trap: “Decrease, because the proton is faster.” It is faster, but its path is longer in proportion.

(e) 3 points
For (i): eV = $mv?, so v = 1/2eV/m = 2.0 x 10" m/s 1 point
2
For (ii): the distance is the diameter, 2r = % (or twice the result of (b)) = 0.27 m 1 point
e
o ™m
For (iii): t = — —)=22x10"% 1 point
or (iii) ” (or eB) ] poin

Values consistent with an incorrect speed from (i) earn the points for (ii) and (iii). The proton’s speed is about
7% of the speed of light, so the nonrelativistic treatment is adequate.

Trap: Giving the radius (0.14 m) for the distance in (ii). The proton leaves the field one diameter from where
it entered.

Question 13.2 (Two extension cords, page 97) 12 points

(a) 1 point
For “Into the page” (right-hand rule: with the current in cable 1 to the right, the field below the 1 point
cable points into the page)

(b) 1 point
For selecting “Repel” and correctly justifying it, for example: the force on cable 2 (current to the 1 point
left) in cable 1’s field, which is into the page, is F=1I0x B, toward the bottom of the page, away

from cable 1; or: currents in opposite directions repel (no credit for this part without the correct

selection)

(c)(i) 2 points
For identifying a correct aspect: the force on a current-carrying wire is proportional to its own 1 point
current (and to the field it is in), or cable 2’s field at cable 1 is three times as strong as cable 1’s

field at cable 2. Merely restating the given fact that cable 2 carries three times the current does

not earn this point.

For a correct reason tied to the aspect identified: for the force claim, F' = I¢/B shows that thIe 1 point
Ho

27r
at the same distance with three times the current. Writing an equation without connecting it to

the claim does not earn this point.
(c)(ii) 2 points
For identifying the incorrect aspect: the conclusion that the two forces have different magnitudes 1 point

force on a wire in a given field is proportional to that wire’s current; for the field claim, B =

For explaining that the forces form a Newton’s-third-law pair, so they are equal in magnitude; or 1 point

showing it: the force on cable 1 is I¢- % and the force on cable 2 is 3¢ - %, which are equal.

The student counted the factor of 3 in one place and missed it in the other.
Trap: Agreeing with the student because “more current means more force.’

both currents.

)

Each cable’s force depends on

(d) 3 points
31

For the field of cable 2 at cable 1, By = ,u(;( ) 1 point
s

For the force on a length of cable 1, F' = I¢/Bs (cable 1’s own current, not 3I) 1 point

1%/
For F = 3t 1 point
2ms
(e) 1 point
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For a factor of %, with the reasoning that each cable’s field at the other is inversely proportional 1 point
to the distance (B = %) while the currents are unchanged, so F' = I¢B is halved (or from the

expression in (d) with 2s in place of s)

Trap: A factor of i, from treating the wires like point charges with an inverse-square law.

() 2 points
For reasoning that the two fields at P point in the same direction, into the page (cable 1’s current is 1 point
to the right and P is below it; cable 2’s current is to the left and P is above it), so their magnitudes

add

For Bp = 27:852) + 2'1?((5/[2)) = 4':2], into the page 1 point
Trap: Subtracting the two fields (%) because the currents are in opposite directions. Opposite currents on
opposite sides of P give fields in the same direction there.

Chapter 14: Electromagnetic induction
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Question 14.1 (Copper disk and magnet, page 99) 10 points

(a) 2 points
For the magnitude: the electron moves in a circle with speed v = wr, perpendicular to the field, 1 point
so I'=evB = ewrB

For “toward the axis,” with a correct right-hand-rule argument: the electron’s velocity is tangent 1 point
to its circle, ' x B points away from the axis, and the electron’s negative charge reverses the force

Trap: Forgetting that the electron is negative and answering “away from the axis.”

(b) 3 points
For the balance condition stated in words or symbols: the electric force on each free electron is 1 point

equal in magnitude and opposite in direction to the magnetic force from (a), eF = ewrB
For E = wrB (consistent with the magnitude found in (a)) 1 point

For “toward the axis,” with the reason: the electric force on each electron must point away from 1 point
the axis to balance the magnetic force, and the electron is negative, so the field points toward the

axis (or: electrons collect near the center, leaving the rim positive, so the field points from rim to

center)

Trap: Including the centripetal force on the electron. It is real but negligible here, and the question states
the balance to use.

(c) 1 point
For selecting “Equal to twice” and correctly explaining that doubling w doubles each electron’s 1 point
speed wr and so doubles the magnetic force, and hence the balancing electric field, at every distance

from the axis; the field along the whole path from A to B is doubled, so the potential difference is

doubled (no credit for this part without the correct selection)

Responses may instead use AV = %wB(rQB —712) (area under E vs. v, or calculus) to show the proportionality;
that relationship is not required.

Trap: “Greater than twice, because the field grows with r.” The field’s growth with r is the same at both
angular speeds; only its overall size doubles.

(d) 1 point
For selecting “Dot B” and correctly explaining that the magnetic force pushes the free electrons 1 point
toward the axis (from (a)), so negative charge collects near the center and the outer part of the

disk is left positive; the potential is therefore higher farther from the axis (equivalently, the electric

force on each electron must point away from the axis to balance the magnetic force, so the electric

field points toward the axis, and potential decreases in the direction of the field) (no credit for this

part without the correct selection)

(e) 1 point
For selecting “Less than” and correctly explaining that A to C and C to B span equal distances 1 point
along the radius, but the electric field, E = wBr, is larger at every point between C and B than

between A and C, so moving a charge from C to B takes more work per unit charge than moving

it the same distance from A to C, and the potential difference is larger from C to B (any correct

route, e.g., average field times distance, area under the F vs. r graph, or 7% —r% < r% —rZ; none

of these relationships is required) (no credit for this part without the correct selection)

Trap: “Equal to, because C is halfway between.” Equal distances give equal potential differences only in a
uniform field.

Table: Still/Still, Zero; Still/Spinning, Nonzero; Spinning/Still, Zero; Spinning/Spinning, Nonzero. No points
are awarded for the table by itself; each explanation below is scored only if the student’s choice in its row is
correct. Responses that say “emf” for the potential difference within the disk are not penalized.

) (1) 1 point
For choosing “Zero” for the spinning magnet and still disk and correctly explaining that the 1 point
magnet’s field is symmetric about the axis, so spinning the magnet does not change the field at

any point of the disk, and the disk’s charges are at rest in this unchanging field, so the field exerts

no force on them (F = gquBsinf with v = 0); stating that there is no changing flux or induced

electric field is acceptable but not required (no credit for this part without the correct choice in

this row)
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Trap: “Spinning magnet, still disk: nonzero, because a moving magnet induces an emf.” A moving magnet
induces an emf only if it changes the field somewhere; spinning a symmetric magnet about its own axis does
not.

() (i) 1 point
For choosing “Nonzero” for both spinning and correctly explaining that the disk’s free charges 1 point
are carried through the field and pushed along the radius by the magnetic force (perpendicular to

their velocity and to the field), which separates charge until a sustained potential difference exists

between A and B, which are at different distances from the axis; the magnet’s spin adds nothing,

because its symmetric field at each point of the disk is unchanged, so the result is the same as for

a spinning disk and a still magnet, as in parts (a)—(e) (no credit for this part without the correct

choice in this row)

Trap: “Both spinning: zero, because there is no relative motion.” There is no relative motion between the
disk and the magnet, but the disk’s charges still move through the field, which is the same at every point as
when the magnet is still.

Question 14.2 (Three loops into a field, page 102) 12 points

(a) 1 point
For selecting the ranking £z > £x > & and correctly justifying it: the emf equals the rate of 1 point
change of flux, Bx (rate at which area enters the field) = Bvw, where w is the length of the leading

edge that crosses the boundary (the loop’s height), and the heights are 2a, a, a/2 (or: the emf is

that of the moving leading edge, £ = Bvw) (no credit for this part without the correct ranking)

Trap: Ranking by area (all three loops have area a?, so that gives a three-way tie) or by the length along the
motion. Only the edge crossing the boundary matters.

(b) 3 points

For the emfs £ = Bvw with the leading-edge lengths 2a, a, a/2 for Z, X, Y, together with I =&/R 1 point

For the resistances R = Axperimeter: 5a), 4a), 5a for Z, X, Y 1 point
Bv Bv 2Bv

For Ix = — =— = — 1 point

S S T S5\ pom

Trap: Using the same resistance for all three loops. Y and Z have the same perimeter, 5a, but X has a smaller
one, 4a.

(c) 3 points
For reasoning that the magnetic forces on the parts of the top and bottom edges inside the field 1 point
are equal and opposite (equal lengths, opposite currents), so only the leading edge contributes a

net magnetic force, F' = IxaB, opposite the motion

For reasoning that at constant speed the net force is zero, so the applied force equals this magnetic 1 point

B
force, with Ix = 2Y from (b)

B2av A
For F = 1 point
An energy method (applied force times v equals the power E2/R) earns full credit.
(d)(@) 1 point

For selecting “Counterclockwise” and correctly justifying it: the flux into the page through the 1 point
loop is increasing, so the induced current makes a field out of the page inside the loop, which

requires a counterclockwise current (or: the force on positive charges in the moving right edge,

qU X é, points up the page) (no credit for this part without the correct selection)

(d) (i) 1 point
For zero current, because the flux through the loop no longer changes (or: the emfs in the left and 1 point
right edges cancel)

(e) 3 points
For the timeaduring which loop Z carries current: it must move its own length along the motion, 1 point
a/2,s0t= 5

2026-10-03 00:05 New York time AP Physics 1 & 2 FRQ Bank Page 198/227 DAVIDLIAO.COM



2 (2aBv)?

For the rate of energy dissipation, P = 2Ry = R, = Ban (or the work done by the applied 1 point
A a
force, F' = Iz(2a)B, over the distance a/2)
20> B?
For F = Pt = i 1 point

A
Trap: Using the loop’s height (2a) as the distance moved while entering. The emf depends on the leading
edge; the time depends on the length along the motion.

Question 14.3 (Rod falling on vertical rails, page 104) 10 points

(a) 1 point
For selecting “From Y to X” and correctly justifying it: the circuit formed by the resistor, the rails, 1 point
and the rod encloses a growing area as the rod falls, so the magnetic flux into the page through it

increases; by Lenz’s law the induced current makes a field out of the page inside the circuit, which

requires a counterclockwise current, leftward through the resistor (or: the magnetic force v’ x B

on positive charges in the downward-moving rod points to the right, so current flows rightward in

the rod, up the right rail, and leftward through the resistor) (no credit for this part without the

correct selection)

Trap: “From X to Y,” from taking the induced field to point into the page (in the same direction as the
external field) or from finding that the free electrons in the rod are pushed to the left and taking that as the
direction of the current. The flux into the page is increasing, so the induced field inside the circuit points out

of the page.

(b) 3 points

For the induced emf, £ = Blv (from the rate of change of flux, B¢ Ay/At, or as motional emf), 1 point
B

and the current I = %

B2¢%y

For the magnetic force on the rod, F' = I/B = , directed upward, set equal to mg at constant 1 point

speed (net force zero)
mgR

B2s2

An energy route also earns full credit: at constant speed the rate of loss of gravitational potential energy, mgur,
equals the power dissipated in the resistor, E2/R = B%(*vZ/R. The second point requires the balance (or the
energy equality) to be stated, not just used.

(c) 2 points

For v = 1 point

For a curve that starts at v = 0 and is initially tangent to the free-fall line (at release the speed, 1 point
and therefore the current and the magnetic force, is zero, so the acceleration is g)

For a curve that then bends below the free-fall line, concave down, and levels off approaching v 1 point
without crossing it

Pem e i me g v mr — e e — ——— - o
| | | | | | | | | | | | |
| il e it i | A-t-FT -t -t -k~ "I =
| | | | | | | | | | | | |
Y A R A K R I R R I ) A |
| | | | | | | | | | | | | |
VT = = A 07 07 T L
| | | | | | | | | | | |
F=r /s e e
|4 < S I R S E I A AN A D S |
) | | | | | | | | | | | |
L ool
| | | | | | | | | | | | | |
1 1 1 -l 1 1 1 1 1 1 1 1 1 1 t

Courtesy plot: v = vp (1 — efgt/“T); students need not know the function. With the data in (d), the free-fall
line reaches vy = 2.45 m/s at 0.25 s, and the rod reaches 98% of vr at about 1.0 s. A curve that overshoots
vp and settles back does not earn the second point; the magnetic force can exceed mg only if v > vp, which
the rod never reaches from rest.

Trap: Starting the curve with a slope smaller than the free-fall slope. At the instant of release there is no
current, so the rod’s initial acceleration is exactly g.

(d) 2 points
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For the power dissipated in the resistor: at constant speed the magnetic force balances the weight, 1 point
/B =mg,so I = %g =049 A and P=I?R =048 W (or vy = 245 m/s, £ = Blvp = 0.98 V,
P=E%/R=048 W)

For the rate of decrease of gravitational potential energy, mgvr = (0.020 kg)(9.8 m/s*)(2.45m/s) = 1 point
0.48 W, equal to the power in the resistor

With g = 10 m/s* both are 0.50 W; accept. The first point does not need (b) (force balance gives the current
directly). The second point requires mgur computed correctly from the student’s own vy (from (b), or from
the student’s own work here), with the two rates compared honestly: if the student’s numbers differ, saying
they agree does not earn the point. The kinetic energy is constant, so all the gravitational potential energy lost
s converted to internal energy in the resistor; students need not say this.

(e) 1 point
For selecting “Greater than” and correctly justifying it: at a given speed the emf is the same, 1 point
so with twice the resistance the current, and therefore the upward magnetic force I4B, is half as

large; the force reaches mg only at twice the speed (or from (b), vy < R) (no credit for this part

without the correct selection)

Trap: “Less than, because a larger resistance opposes the motion more.
and it is the current that produces the retarding force.

() 1 point
For selecting “Equal to ¢g” and correctly justifying it: an emf Bfv is still induced across the rod, 1 point
but with the gap there is no complete circuit, so there is no current (the brief, tiny shift of charge

to the ends of the rod is negligible), and with no current there is no magnetic force on the rod;

only gravity acts (no credit for this part without the correct selection)

Trap: “Less than g, because an emf is still induced.” An emf produces a retarding force only when it drives
a current.

b2

The resistance limits the current,

Chapter 15: Physical optics
Question 15.1 (Laser and a hair, page 107) 12 points

(a) 1 point
For selecting “Decrease” and correctly justifying it: the first dark fringe is at sinf = A/a, so a 1 point
larger a gives a smaller angle, and at the same distance L the dark fringes on either side are closer

together, so the central fringe is narrower (no credit for this part without the correct selection)

Trap: “Increase: a bigger obstacle makes a bigger pattern.” Diffraction spreads light more when the obstacle
or slit is narrower.

(b) 3 points
For the single-slit dark-fringe condition asinf = A for the first dark fringe 1 point

For the small-angle geometry: distance from center ~ L tanf = Lsin 0, so each first dark fringe is 1 point
% from the center

For W = 2/\—L 1 point
Trap: Forg%tting the factor of 2: W spans from one first-order dark fringe to the other.

(c) 3 points
For correctly scaled and labeled axes (with units) that use more than half the grid 1 point
For correctly plotted points 1 point
For a reasonable best-fit line through or near the origin 1 point
(d) 2 points

For using the slope, about 16 mm/m = 0.016 (accept 0.015-0.017), not two data points far from 1 point
2

the line, and relating it to a: slope = —
a

For a ~ 8 x 107° m (80 um; accept 75-87 pm) 1 point

Score (d) for consistency with the expression in (b). Using slope = A/ a gives about 40 um and earns the second

point only if (b) lacked the factor of 2.
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(e) 2 points
For a valid feature: measuring between the two dark fringes doubles the measured distance and 1 point
avoids locating the center of a broad bright fringe; or using several values of L and the slope of a

best-fit line averages out random errors in individual measurements

For explaining why that reduces uncertainty (a fixed reading error is a smaller fraction of a larger 1 point
distance; the best-fit line is less affected by any one bad measurement)

() 1 point

2)\L
For using W = —— with the value of a from (d) (or scaling the measured or best-fit W at L =2.0 1 point

a
m by %7 since W o A at fixed L and a) to get W ~ 27 mm (accept 24-29 mm, or a value

consistent with the student’s a)

Question 15.2 (Soap film and lens coating, page 109) 10 points

(a) 2 points
For identifying the two reflected waves that interfere, one from the front (air-soap) surface and one 1 point
from the back (soap—air) surface, and reasoning that only the front reflection is inverted (shifted

by half a wavelength), because reflection from a medium of higher index inverts the wave and

reflection from a medium of lower index does not

For reasoning that when the film is much thinner than the wavelength, the extra path traveled by 1 point
the back reflection is negligible, so the two reflected waves are half a wavelength out of step for

every color and interfere destructively

Ezxample response: Light reflects from both the front and the back of the film. At the front, light reflects off
soap, which has a higher index than air, so that wave is flipped; at the back, it reflects off air, which has a
lower index, so that wave is not flipped. Where the film is much thinner than a wavelength, the back wave
travels almost no extra distance, so the only difference between the waves is the flip. They cancel for every
color, and the film looks black.

(b) 1 point
For selecting “No” and correctly explaining that both reflections are now from a medium of higher 1 point
index (air to coating, 1.00 — 1.38, and coating to glass, 1.38 — 1.52), so both reflected waves are

inverted, and with negligible extra path they are in step and interfere constructively, so the coating

reflects (much like uncoated glass) rather than looking black (no credit for this part without the

correct selection)

Saying only that a coating much thinner than the wavelength behaves like bare glass, which reflects, without
the comparison of indices at both surfaces, is not a correct explanation.

Trap: “Yes, any very thin film looks black.” That rule depends on exactly one of the two reflections being
inverted, which is true for a soap film in air but not for this coating.

(c) 3 points
For reasoning that since both reflections are inverted, destructive interference requires the extra 1 point
round-trip path in the coating to be half a wavelength in the coating

1 A A
For using the wavelength in the coating, A/1.38: 2t = > 138 (equivalently, 2n.t = 5 with 1 point
n. = 1.38, which earns this point) '
A

Fort = —— ~ 0.18)\ 1 point

or 1(1.39) poin
Trap: Using the soap-film condition (one inversion) gives ¢t = ﬁ7 which makes the coating reflect more,
not less.
(d) 2 points

For reasoning that the thickness makes the extra round-trip path, 2¢, exactly half a wavelength 1 point
(in the coating) only for 550 nm, so only green light is cancelled

For reasoning that for red and violet light, 2t is a different fraction of the wavelength in the coating, 1 point
so the two reflected waves are not exactly half a wavelength out of step and cancel only partly;

the reflected light is mostly the ends of the spectrum, red and violet, which together look purple
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Trap: “The coating absorbs green light.” The green light is not reflected because of interference; it is
transmitted into the lens.

(e) 2 points
For reasoning that only one reflection is inverted (as in (a)), so constructive interference requires 1 point

the extra round-trip path to be half a wavelength in the film: 2t = = - ——
2 1.33
600 nm

For t = 1133 ~ 113 nm (1.1 x 107 m) 1 point

Trap: Using the condition 2t = A/n (no inversion), which gives a dark band, or forgetting to use the
wavelength in the film (giving 150 nm).

Chapter 16: Geometric optics

Question 16.1 (Half-covered magnifying glass, page 111) 10 points

(a) 3 points
For a ray from the top of the window parallel to the axis that refracts through the far focal point 1 point

For a second correct ray (through the center of the lens undeviated, or through the near focal point 1 point
and then parallel to the axis)

1 point

features described in words.

(b) 3 points
. . . 1 1 1 .

For using the thin-lens equation, ? + T ? 1 point

3 3

For d; = 7f 1 point
di 1 . . . .

For the height ratio R (magnification —%, inverted) 1 point

(c) ’ 1 point

For a ray from the top of the window to the lens below the axis, refracted so that it passes through 1 point
the top of the (inverted) image drawn in (a), or through the image point consistent with the

student’s image

With the grid in (a), the ray goes from the top of the window, (—6,2), to the lens at about (0,—1.5) and then
through the tip of the image at (3,—1).

(d) 1 point
For selecting “The whole image remains, but it is dimmer” and correctly explaining that light from 1 point
every point of the window strikes every part of the lens, and the rays from each point that pass

through the uncovered half still converge to the same image point (as in (c¢), rays through either

half reach the same point), so every part of the image still forms in the same place; the cardboard

blocks some of the rays from each point, so less light reaches each image point and the image is

dimmer (no credit for this part without the correct selection)

Trap: “The top (or bottom) half disappears.” Each half of the lens forms a complete image; the ray diagram
uses only two of the many rays from each point.

(e) 2 points
For reasoning that an image the same size requires a magnification of magnitude 1, so d; = d,, 1 point
1 1
and using the thin-lens equation, — + — = —
do dl f
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For d, = d; = 2f: the window is 2f from the lens, and the wall is 2f from the lens 1 point

Trap: Placing the window at f to get a “same-size” image. An object at the focal point forms no image on
a wall.

Question 16.2 (Coin in a mug, page 113) 12 points

(a) 2 points
For a ray from the coin to the surface at the normal line, then from the surface to the eye, with 1 point
the direction of travel shown from the coin toward the eye

For the ray in air making a larger angle with the normal than the ray in the tea (bending away 1 point
from the normal)

(b)(@) 2 points
For identifying a correct aspect: the light bends (refracts) at the surface, or it changes speed there 1 point

For a correct reason matched to the aspect identified: for the speed change, light travels at different 1 point
speeds in tea and air (v = ¢/n); or, for the bending, Snell’s law, 1y sin 6 = ng sin 03, with ny # ng

requires a change of direction for a slanted ray

(b)(ii) 2 points
For identifying an incorrect aspect: light leaving the tea bends away from the normal (not toward), 1 point
or the coin looks shallower (not deeper)

For explaining: going from larger n to smaller n, Snell’s law gives a larger angle in air; tracing the 1 point
bent rays back into the tea, they appear to come from a point above the coin, so the coin looks

closer to the surface

(©)] 3 points
For Snell’s law at the surface: nsinf; = sinf, 1 point

For the geometry: the ray meets the surface a horizontal distance z = dtan; = d,pp tanf, from 1 point

the point above the coin, and for small angles tan 6 ~ sin ¢

d
For dopp = — 1 point
n

(d) 1 point
For selecting “Less than” and correctly justifying it: from (c), dapp = d/n, so a greater n at 1 point
the same depth gives a smaller apparent depth; or: going from a larger index into air, the rays

bend more, so their backward extensions meet higher, closer to the surface (no credit for this part

without the correct selection)

(e) 2 points
For identifying the edge of the region as the point where the ray from the coin meets the surface 1 point

1
at the critical angle, nsinf. = 1 (the refracted ray would travel along the surface), so sinf. = —
n

d
For the geometry, radius = dtan 6., giving \/?1 (or the equivalent dtan [sin*1(1 / n)]) 1 point
nZ —

Trap: Using the small-angle result from (c). The critical angle is not small: for tea (n ~ 1.33) it is about
49°, and the radius is about 1.1d.

Question 16.3 (Bathroom mirrors, page 115) 12 points

(a) 2 points
For a ray from the feet to the wall and then to the eye that reflects with equal angles to the 1 point
(horizontal) normal, meeting the wall halfway between the floor and eye level (at a height of 3.5

squares)

For a ray from the top of the head to the wall and then to the eye, reflecting with equal angles 1 point
halfway between eye level and the top of the head (at 7.5 squares), and a bracket along the wall

between the two reflection points
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Courtesy figure. Arrowheads are not required. A ray drawn toward the image of the feet or head behind the
wall (the image is as far behind the wall as the person is in front) is an equally good way to find the reflection
points. Accept reflection points within about half a square of 3.5 and 7.5 squares.

(b) 2 points
For the bottom edge: by the law of reflection with a horizontal normal, the ray from the feet reaches 1 point

h
the wall halfway between the floor and the eye, at height 5 (equal angles give two congruent right

triangles, each with horizontal side D; or the line from the eye to the image of the feet, a distance
2D away, crosses the wall halfway)

H—-h H+h
For the top edge at h + 5 = ;_
(independent of D)

A bare “H/2” or “h/2” with no reasoning earns no credit. Reasoning that applies the halfway result once to
the whole body (the mirror spans half the distance from the feet to the eye plus half the distance from the eye
to the top of the head) earns the second point. An answer that depends on D earns neither point.

Trap: Thinking the mirror must be as tall as the person. Each ray reflects halfway (in height) between the
body point and the eye, so the mirror spans half of every height interval.

(c) 1 point

H
by the same reasoning, so the smallest height is 5 1 point

For selecting “The same as” and correctly justifying it: the reflection points stay halfway between 1 point
the floor and the eye and halfway between the eye and the top of the head for any distance (the

triangles scale but the halfway heights do not change), so the minimum height is still H/2, as in

(b) (no credit for this part without the correct selection)

Trap: “Less than: when you back up, you see more of yourself.” Backing away makes everything in the
mirror look smaller, but the part of the wall that reflects your feet into your eye does not move.

(d) 3 points
For one correct ray from the tip of the face, reflected correctly: parallel to the axis, then reflected 1 point
through F’; or along the line from F' through the tip, then reflected parallel to the axis; or to the

center of the mirror, then reflected at an equal angle below the axis; or along the line from C,

reflected back on itself

For a second correct ray, with both reflected rays diverging in front of the mirror and extended 1 point
(for example, dashed) behind the mirror until they meet

For an upright image drawn behind the mirror where the extensions meet, about f (4 squares) 1 point
behind the mirror and twice as tall as the face
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Courtesy figure (grid units: f = 4 squares). The ray from the tip of the face through the mirror’s center
reflects toward (—4, —4); its extension also passes through the image tip (4,4). The image may be drawn with
a solid or dashed line.

Trap: Drawing the image where the reflected rays would cross in front of the mirror. For an object inside F,
the reflected rays diverge and never cross in front.

(e) 2 points
. . . 1 1 . . . . .
For using the mirror equation, f—/Q + = ?, giving d; = —f: the image is a distance f from the 1 point
mirror, behind it (virtual)
d.
For the height ratio d—z = f]/c2 = 2 (magnification 42, upright) 1 point

A geometric deriwation from the ray diagram (similar triangles) earns full credit. A sign error that gives
d; = +f earns the first point only if the student still states that the image is behind the mirror with a reason
(for example, from the ray diagram); the second point may be earned consistent with the student’s |d;|.

() 1 point

For selecting “Greater than” and correctly justifying it: with d, = 3f/4, the mirror equation gives 1 point
3

d; = —3f and magnification / =4 (or in general M = , which grows as d, approaches

3f/4 f—d,
f); or, on a ray diagram, the raél parallel to the axis still reflects through F', and the ray from F

through the tip of the face now strikes the mirror farther from the axis, so the image tip is higher

(no credit for this part without the correct selection)

This asks about the image’s height, not how large the face looks to her eye. The image also moves much farther
behind the mirror, so its apparent (angular) size from her eye actually decreases; a student who argues correctly
about angular size instead of image height does not earn the point, since the question asks about height.
Trap: “Less than, because moving away from a mirror makes the image smaller,” carried over from plane
mirrors. Inside the focal point of a concave mirror, the image height grows as the object approaches F'.

(g) 1 point
For selecting “Less than” and correctly justifying it: a convex mirror has a negative focal length, 1 point

1 1 1 3
f—/2 + A gives d; = —g and magnification i = —; or, by rays, the reflected rays diverge
i

fr2 3

as if from points behind the mirror closer to it than the face is in front, so the upright image is
smaller (no credit for this part without the correct selection)
Trap: Using +f for the convex mirror, which reproduces the concave result of a magnified image.
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Question 16.4 (Window, board, and shadow, page 118) 12 points

(a) 3 points
For the two rays that bound the full shadow: from each edge of the window past the board’s edge 1 point
on the same side (top edge of window past top edge of board, bottom past bottom), reaching the

far wall 0.20 m on either side of the center line (1 grid square)

For the two rays that bound the partial shadows: from each edge of the window past the board’s 1 point
edge on the opposite side (crossing between the window and the board), reaching the far wall 1.40

m on either side of the center line (7 grid squares)

For labeling the far wall, in order, L, P, F, P, L, with the boundaries where the student’s rays meet 1 point
the wall

Courtesy figure. Black rays bound the full shadow (wall positions £0.20 m); gray rays bound the partial shadows
(wall positions £1.40 m). Extra rays from points inside the window are fine if the boundary rays are present.
A ray from the window’s center (as for a point source) does not locate any boundary here.

Trap: Drawing only rays from the center of the window, or only the same-side rays, which gives one sharp
shadow edge on each side and no partial shadow. The edges of an extended source must both be used.

(b) 3 points
For a correct similar-triangles (or slope) relationship for a boundary ray, for example: the ray from 1 point
the top edge of the window (0.60 m above the center line) past the top edge of the board (0.40 m

above) drops 0.20 m in 1.00 m, so it drops another 0.20 m in the next 1.00 m and meets the wall

at 0.20 m above the center line

For the width of the full-shadow region, 0.40 m 1 point

For the width of each partial-shadow region, 1.20 m (from 0.20 m to 1.40 m on each side; the 1 point
opposite-edge ray from 0.60 m below the center line rises 1.00 m in 1.00 m, reaching 1.40 m above

the center line)

General results: full-shadow width = %wb — L;“ws and partial-shadow width = L;aws, with window width
wg, board width wy, board distance a, wall distance L. Students need not write these. Part (b) is scored on its
own geomelry; an error in the drawing for (a) is not held against (b).

(c) 2 points

For brightness zero across the full-shadow region and By across the fully lit regions, with boundaries 1 point
consistent with (a) or (b) (correct: zero for |y| < 0.20 m, By for |y| > 1.40 m)

For brightness increasing steadily (a straight line) from zero to By across each partial-shadow 1 point
region, symmetric about y = 0

Bo
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Courtesy plot. In a partial-shadow region the board’s edge cuts the window at a point that moves steadily
across the window as y changes, so the visible width (for example, 0.30 m at y = 0.50 m, 0.60 m at y = 0.80
m, 0.90 m at y = 1.10 m) is proportional to the distance from the edge of the full shadow. A ramp that is
visibly curved but rises monotonically from zero to By over the correct interval earns the second point; a step
at a single position does not.

(d) 1 point
For selecting “Less than” and correctly explaining that the two rays from opposite edges of the 1 point
window that pass a given edge of the board spread apart after crossing there, so the width of the

partial shadow grows with the distance from the board to the wall; either factor is enough: that

distance is now smaller (0.50 m instead of 1.00 m), or the window subtends a smaller angle at the

board’s edge, so the rays spread less; the calculation 1.20 m X % = 0.40 m also earns the point

(no credit for this part without the correct selection)

Trap: “Equal to, because the window and the board have not changed size.” The partial-shadow width
depends on the distances, not just on the widths; this is why a hand held close to a wall casts a sharp shadow.
(e) 2 points
For locating the end of the region of no light by similar triangles: the ray from the top edge of the 1 point
window (0.60 m) past the top edge of the strip (0.10 m) drops 0.50 m in 1.00 m and reaches the

center line after a further 0.20 m, so the region ends 1.20 m from the window wall

For concluding that the far wall (2.00 m away) has no full-shadow region because it is beyond 1 point
1.20 m, so every point on the far wall behind the strip receives light from part of the window (or:

the same-side rays have crossed before reaching the wall, so the full-shadow width there would be

negative, 233(0.20) — +:02(1.20) = —0.80 m)

The center of the far wall sees 0.80 m of the window (only the central 0.40 m is blocked). A correct “No” with
no supporting geometry earns nothing.

Trap: Assuming any opaque object casts a full shadow on the wall. When the object is narrower than the
source, the full shadow is a tapering region that can end before the wall (as the Moon’s full shadow can end
before reaching Earth).

() 1 point
For selecting “Greater than” and correctly explaining that light now comes only from the center 1 point
of the window, so a point on the wall is dark whenever the line from it to the center of the window

passes through the board; those lines reach the wall 0.80 m on either side of the center line (the

board’s half-width doubled, since the wall is twice as far from the window as the board), a dark

region 1.60 m wide, whereas before, points between 0.20 m and 0.80 m from the center line received

light from the outer parts of the window (there is now no partial shadow, so the shadow is sharp)

(no credit for this part without the correct selection)

Trap: “Less than, because there is less light.” Narrowing the source removes the light that reached the
partial-shadow regions; the region with no light grows, and its edges become sharp.

Chapter 17a: Quantum physics

Question 17a.1 (LED turn-on voltages, page 121) 12 points
(a) 3 points
For the photon energy E = hf 1 point
For applying energy conservation per electron: eV, = hf 1 point

h
For Voo = —f 1 point
e

Trap: Writing photon energy as depending on the brightness (or on the supply’s current). In this model,
each photon’s energy is set by its frequency alone.

(b) 2 points
For choosing frequency f = ¢/ (or 1/X) 1 point
For correct values with units: f ~ 4.76, 4.96, 5.08, 5.71, 6.38 x10'* Hz (or 1/\ innm~! or m~!) 1 point
(c) 3 points
For correctly scaled and labeled axes (with units) that use more than half the grid 1 point
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For correctly plotted points 1 point
For a reasonable best-fit line 1 point
The axes need not start at zero.

(d) 2 points
For using the slope of the best-fit line, about 4.0 x 10715 V/Hz (not two data points far from the 1 point
line), and relating it to h: slope = h/e

For h =~ 6.4 x 1073* J-s (accept 6.0-7.2 x 10734 J.s) 1 point
A student who graphed against 1/X\ uses slope = hc/e; that method earns full credit.

(e) 2 points
For a prediction of about 3.1 V (accept 3.0-3.2 V, or a value consistent with the student’s line) 1 point

For “more energy per photon” with the correct reason: 400 nm is a shorter wavelength and higher 1 point
frequency than 630 nm, and photon energy is proportional to frequency

Question 17a.2 (Three-level atoms, page 123) 10 points

(a) 1 point
For selecting the ranking 3 — 2 (longest), 2 — 1, 3 — 1 (shortest) and correctly justifying it: 1 point
each photon’s energy equals the difference between the two levels (1.0 eV, 3.0 eV, 4.0 ¢V), and
wavelength is inversely proportional to photon energy, A = he¢/E (no credit for this part without

the correct ranking)

(b) 2 points
h

For \ = EC with E = 4.0 eV 1 point

For A 22 310 nm (3.1 x 10~7 m) 1 point

(c)() 1 point

For selecting “Yes” and correctly explaining that an atom absorbs a photon only if the photon’s 1 point
energy equals the difference between the atom’s present level and a higher level, and the 3.0 eV

photons of the 2 — 1 line match the gap from level 1, where essentially every atom in the cloud

is, to level 2 (no credit for this part without the correct selection)

(c)(ii) 1 point
For selecting “No” and correctly explaining that the 1.0 eV photons of the 3 — 2 line match only 1 point
the gap between levels 2 and 3, and almost no atoms in the cool cloud are in level 2; from level

1, 1.0 €V does not reach any higher level, so these photons pass through (no credit for this part

without the correct selection)

Trap: Answering “Yes” because “a gas absorbs the same wavelengths it emits.” That is true only for
transitions that start from a level the absorbing atoms are actually in.

(d) 1 point
For checking all three lines and correctly explaining that atoms excited by absorbing lamp light 1 point
then emit in all directions as they return to level 1: atoms in level 2 emit the 2 — 1 line, and atoms

in level 3 return either directly (3 — 1) or by way of level 2 (3 — 2, then 2 — 1), so the 3 — 2

line appears even though the cloud does not absorb that line (no credit for this part without the

correct selection)

Trap: Checking only 3 — 1 and 2 — 1, on the idea that atoms re-emit only what they absorbed. An atom in
level 3 can return to level 1 in two steps.

(e) 2 points
For reasoning that an atom in level 1 can take from the electron only an amount of energy equal to 1 point
a gap to a higher level, 3.0 eV (to level 2) or 4.0 eV (to level 3), and that 4.0 eV is more than the

electron has, so the electron can excite the atom only to level 2 (a contrast with photon absorption,

e.g., that the electron need not give up all its energy, is not required)

For both possible final kinetic energies: 0.5 eV (atom excited to level 2) and 3.5 ¢V (no excitation) 1 point
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Trap: “No energy can be transferred, because 3.5 eV does not match any gap.” That rule applies to absorbing
a photon, which must give up all its energy; a colliding electron can give up part of its energy.

) 2 points
For reasoning that ionizing an atom in level 1 requires at least 5.0 eV (from —5.0 eV to 0 eV), 1 point
and that any photon with at least this energy can ionize it (the freed electron carries off the extra

energy), so the longest wavelength corresponds to exactly 5.0 eV

h 124 .
For A\ = EC = W ~ 250 nm (2.5 x 10~7 m) 1 point
Oe
Trap: Using 4.0 eV (the largest gap between bound levels), or claiming that only a photon of exactly 5.0 eV

can ionize the atom.

Question 17a.3 (Rydberg atoms, page 126) 12 points

(a) 1 point
For Z = 1 with the reasoning that the 36 inner electrons lie close to the nucleus, between it and the 1 point
far-away outer electron (inside its orbit), so their charge, —36e, cancels all but +e of the nucleus’s

charge, +37e: the outer electron is attracted by a net charge of +e, as the electron in hydrogen is

Example response: Z = 1. The outer electron is far outside the inner shells, so all 36 inner electrons are between
it and the nucleus. Their charge, —36e, cancels most of the nucleus’s +37¢, so the electron is attracted by a
net charge of only +e, like the electron in hydrogen.

The language of shielding or screening is acceptable if the cancellation of 36 of the 37 units of charge is clear.
A statement that the charge enclosed by a sphere through the electron’s orbit is +e earns the point. A remark
that the core acts like a point charge is welcome but not required. “Z = 1 because rubidium has one outer
electron” does mot earn the point.

Trap: Z = 37, using the nuclear charge and ignoring the inner electrons.

(b) 3 points

For finding the photon energy as the difference between the two levels, AE = 1 point
1 1

(13.6 eV) (502 - 512) ~2.11 x 107 eV (3.38 x 10722 J), using the value of Z from (a)

AE 2.11 x 107% eV 10 10 .
For f = T 1A 10T oV s ~ 5.1 x 10'Y Hz (accept 5.0-5.2 x 10'° Hz) 1 point

For identifying the photon as microwave (wavelength ¢/ f & 5.9 mm; “millimeter-wave” or “radio” 1 point
is also accepted), consistent with the frequency found

With Z = 37 from (a), AE =~ 0.289 eV, f ~ 7.0 x 10'® Hz, infrared; this earns all three points here. Computing
each level separately (—5.229 x 1073 eV and —5.440 x 1072 eV) and subtracting requires carrying at least four
figures; rounding each level to two figures (giving a difference of 0.2 x 1073 eV, ~ 5 x 10'° Hz) is acceptable.
For comparison, visible photons have energies of about 2 eV, roughly 10* times as great. Measured transitions
between rubidium Rydberg levels with n near 50 do lie at tens of gigahertz; levels in which the electron never
comes near the core match the model closely.

Trap: Using only Es; or only Esq as the photon energy (about 5.3 x 1072 eV, 1.3 x 10'2 Hz).

(c) 2 points
For r50 = (0.0529 nm)(50)? ~ 132 nm (1.3 x 1077 m), using the value of Z from (a) 1 point

For reasoning that the orbit is about 40 times the spacing between molecules in air (diameter 1 point
about 260 nm), so at ordinary pressure tens of thousands of other atoms or molecules would be

inside the orbit (or would constantly collide with the atom), destroying the simple picture of an

electron orbiting a +e core and disturbing or removing the very weakly bound electron; at very

low pressure the spacing between atoms is much larger than the orbit

Ezample response: r = (0.0529 nm)(2500) = 132 nm. That is about 40 times the 3 nm spacing between
molecules in air, so in air many molecules would sit inside the electron’s orbit, and the electron would be
constantly disturbed or knocked loose. In a very low-pressure gas, the atoms are much farther apart than the
size of the orbit, so each Rydberg atom is undisturbed.
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Also acceptable for the second point: the electron’s binding energy, |Eso| =~ 0.005 eV, is much less than the
typical kinetic energy of molecules at room temperature, %kBT ~ 0.04 eV, so frequent collisions would ionize
the atom; at low pressure collisions are rare. With Z = 37 from (a), r ~ 3.6 nm, comparable to the spacing;
a consistent argument earns the second point.

(d) 3 points
For AE = (13.6 eV) (10102 - 10112> ~2.68 x 1075 eV (or f ~ 6.5 x 10° Hz) 1 point
For comparing with (b): this photon has about % of the energy (2.11 x 107%/2.68 x 1075 ~ 7.9), 1 point
not i, so the student’s claim is incorrect

For explaining the flaw: the photon’s energy is the difference between two neighboring levels, not 1 point
a level’s energy. Doubling n makes each level’s energy i as large, but it also makes neighboring

levels closer to each other relative to their size (n and n + 1 differ by about 5—10 of n at n = 50 but

only ﬁ at n = 100), so the spacing shrinks by about another factor of 2

Ezample response: AE = 13.6(1/100% — 1/101%) &~ 2.7 x 107° eV, about § of the 2.1 x 10~* eV in (b). The
student is wrong. The photon’s energy is the gap between two levels. When n doubles, each level becomes %
as deep, but going from n to n + 1 is also a smaller fractional change in n (1 part in 100 instead of 1 in 50),
so the two levels differ by a smaller fraction of their size. The gap shrinks by about 4 x 2 = 8.

For large n, AE =~ 2(13.6 eV)/n3; students are not expected to derive this, and an explanation in words as
above earns the third point. “The student forgot the square” or a bare ratio of 8 without reasoning about the
gap does not earn the third point. Another valid route earns the second and third points: doubling every n
turns the 51 — 50 transition into 102 — 100, whose energy is i as large; but 101 — 100 spans only one of
those two steps, about half that gap, so it has about % of the energy. With Z = 37 carried from (a), both
photon energies are multiplied by 1369 and the ratio is unchanged.

Trap: Agreeing with the student by comparing F19g with E5q (ratio 4) instead of comparing the gaps.

(e) 3 points

13.
ForEg,:—&zev

as negative: the real electron is much more tightly bound than the model predicts

For identifying the failed assumption: that all 36 inner electrons are always between the outer 1 point
electron and the nucleus (that the electron stays far outside the inner shells), so that it feels a net

charge of only +e

For explaining the direction: when the outer electron is among the inner electrons, fewer than 1 point
36 of them are between it and the nucleus, so the net charge attracting it is more than +e; the

stronger attraction binds it more tightly, so its energy is more negative than the model’s

Ezample response: The model gives E5 = —13.6/25 = —0.544 eV, but the measured energy is —4.18 eV, so
the real electron is bound about 8 times as tightly. Part (a) assumed that all 36 inner electrons are between
the outer electron and the nucleus, so that it feels a net charge of only +e. At n =5 the electron spends part
of its time among the inner electrons, where fewer than 36 of them are between it and the nucleus. There it
is attracted by more than +e, so it is held more tightly and its energy is lower.

An effective Z greater than 1 (about 2.8 if E = —13.6Z2 /n? is forced to fit) stated with this reasoning is equally
good. The third point requires the link from “fewer inner electrons between” to “greater net attracting charge”
to “more tightly bound”; repeating the stem’s sentence about the electron’s location does not earn it. With
Z = 37 from (a), the model gives —T745 eV; a consistent answer (the assumption that the full nuclear charge
acts fails, because the inner electrons cancel most of it, so the real electron is bound far more weakly) earns
all three points.

Trap: “The measured energy is lower because the electron is closer, so the 1/n? formula should give it
anyway.” The formula already includes the smaller orbit; the discrepancy comes from the net charge acting
on the electron.

~ —0.544 eV, with the observation that the measured energy is about 8 times 1 point

Chapter 17b: Subatomic physics
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Question 17b.1 (Alpha decay of polonium-210, page 129) 10 points

(a) 2 points
For a mass number of 206, explained by conservation of nucleon number: the alpha particle carries 1 point
away 4 nucleons, 210 — 4 = 206

For an atomic number of 82, explained by conservation of charge: the alpha particle carries away 1 point
2 protons, 84 — 2 = 82, so the element is lead: 28026Pb

A correct decay equation, 2}9Po — 208Pb+3He, with a statement that the top numbers and the bottom numbers
balance, earns both points. FEach number needs its reason; a bare symbol earns nothing.

Trap: Choosing lead-210 or bismuth-210 from the table because the mass “stays about 210.” The alpha
particle takes 4 nucleons with it. Choosing mercury-206 or thallium-206 gets the nucleon number right but
not the charge.

(b) 2 points
For finding the mass difference between the polonium-210 atom and the products, using the atomic 1 point
masses from the table: Am = 209.982874 u — (205.974465 u + 4.002603 u) = 0.005806 u

For converting with E = Amc?: E = (0.005806)(931.5 MeV) ~ 5.41 MeV (accept 5.4 MeV) 1 point

Atomic masses include electrons: 84 on the left, 82 + 2 on the right, so the electron masses cancel and no
correction is needed. A student who converts to kilograms and joules (Am =~ 9.64x 1073 kg, F ~ 8.67x 10713
J = 5.41 MeV) earns full credit. A student who used a wrong daughter from (a) earns the first point for a
correctly set-up mass difference with that isotope (a negative result should be recognized as impossible for a
decay that occurs).

Trap: Subtracting mass numbers (210 — 206 — 4 = 0) and concluding that no energy is released, or rounding
the masses before subtracting so that the difference disappears.

(c) 3 points
For reasoning that the polonium nucleus is initially at rest, so the system’s total momentum is 1 point
zero, and no external force acts during the decay, so the total momentum remains zero: the alpha

particle and the lead nucleus have momenta of equal magnitude in opposite directions

For reasoning that with equal momentum magnitudes, the less massive alpha particle has the 1 point
greater kinetic energy, using K = 5771’ or K = %pv with the same p and the alpha’s greater speed,

or equivalently m,v, = mppvpy, so the alpha’s speed is about 51 times as great, and K = %va
depends on the square of the speed but only on the first power of the mass

For a logical, relevant paragraph that reaches “greater than” and contains no incorrect or contra- 1 point
dictory statements

The answer blanks are not scored. “The alpha is lighter, so it moves faster” without the momentum argument
does mot earn the first point; “it moves faster, so it has more kinetic energy” does not earn the second point,
because the lead nucleus is more massive.

Ezxample response: Take the polonium nucleus as the system. It starts at rest, so its momentum is zero,
and during the decay only internal forces act between the alpha particle and the lead nucleus, so the total
momentum stays zero. The two pieces must therefore move in opposite directions with momenta of equal
magnitude p. Kinetic energy can be written K = %. With the same p, the piece with the smaller mass
has the larger kinetic energy. The alpha particle’s mass is about ﬁ of the lead nucleus’s mass, so the alpha
particle’s kinetic energy is about 51 times that of the lead nucleus.

Trap: “The same as, because the forces on the two pieces are equal and opposite.” Equal forces for the same
time give equal momenta, not equal kinetic energies. Another trap is “the energy is split equally,” or a claim
that the lead nucleus gets more energy because it is bigger.

(d) 2 points
For using momentum conservation together with energy conservation, K, + Kp, = E from (b) 1 point
K
and —22 = Mo , or an equivalent route (e.g., K, = F __meh
Ko mpp mpp + Ma
For K, ~ 5.31 MeV (accept 5.30-5.31 MeV, or a value consistent with the student’s (b): about 1 point

98% of it)

Mass numbers (206 and 4) or the atomic masses from the table may be used for the mass ratio; the result is
the same to three significant figures. The lead nucleus gets about 0.10 MeV. Solving for speeds first and then
kinetic energies is acceptable but slow; full credit if correct.
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Trap: Answering 5.41 MeV, giving all the released energy to the alpha particle, or splitting it equally (2.7
MeV each), which violates momentum conservation.

(e) 1 point
For selecting “Bismuth-210" and correctly explaining that in beta-minus decay the nucleon number 1 point
is unchanged (210) and the atomic number increases by 1, either because a neutron becomes a

proton and an electron is emitted, or by conservation of charge and nucleon number with the

emitted electron’s charge —1 and nucleon number 0; the parent therefore has Z =84 —1 = 83 and

A =210 (no credit for this part without the correct selection)

Trap: Choosing astatine-210 by thinking the emitted electron’s negative charge must come from a nucleus
with more protons, i.e., that beta-minus decay lowers Z. Choosing lead-210 counts the change in Z as 2.

Question 17b.2 (Technetium-99m vial, page 132) 12 points

(a) 2 points
For a balanced equation with the electron written in consistent notation: Mo — 93Tc+ %e (+7) 1 point
(or 5~ with charge —1 and nucleon number 0 shown)

For explaining both numbers: the electron carries no nucleons, so conservation of nucleon number 1 point
keeps A = 99; the electron carries charge —1, so conservation of charge requires the nucleus’s charge

to rise from 442 to +43 (a neutron becomes a proton), which makes the element technetium

The antineutrino is correct but not required. Because the table gives Z for technetium and the name gives 99,
the numbers alone show nothing; the second point requires the conservation reasoning for both. A positron
(1e) with Z =41 (niobium) earns neither point.

Trap: Writing the electron as (_)H or ! |, or arguing that emitting negative charge must remove a proton.

(b) 1 point
For selecting “Same Z, same A” and correctly explaining that a gamma-ray photon has no charge 1 point
and is not a nucleon, so by conservation of charge and of nucleon number the atomic number and

mass number are unchanged (the nucleus is still 3Tc); a statement that the nucleus only loses

energy, moving to a lower-energy state, is optional and not sufficient by itself (no credit for this

part without the correct selection)

Trap: Treating gamma emission as changing the element, by analogy with alpha or beta decay.

(c) 1 point
For a column labeled as the net (or sample) count rate in counts/min with the background sub- 1 point

tracted from every entry: 950, 694, 506, 332, 246, 147, 123, 95, 59
Arithmetic slips in one value are tolerated if the label and method are clear and the other values are correct.

(d) 3 points
For axes labeled with quantities and units (time in h; net count rate in counts/min) and scaled 1 point

linearly so that the data use more than half the grid in each direction
For correctly plotting the net count rates from (c) (or the student’s values from (c)) 1 point

For a smooth curve that decreases with decreasing steepness and passes among the points, ap- 1 point
proaching zero rather than leveling off at a nonzero value (a curve through every point earns this

point only if it is smooth)

A student who plots the raw count rates can earn the first point only. A student who plots In of the net rate
with a straight line earns full credit if it is labeled and scaled correctly.
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Courtesy figure: the curve is 960 - 27t/6-0 " counts /min; the dashed lines show one halving, from about 960 to

480 counts/min in about 6 h. Points attach to the features described in words.

(e) 2 points
For a method shown on the graph: reading the time for the curve to fall from any value to half that 1 point
value (for example from about 960 to 480 counts/min), or the time between successive halvings

For a half-life of about 6 h (accept 5.5-6.5 h) and a conclusion that it is consistent with 6.0 h, 1 point
given the random scatter of the counts (or a conclusion consistent with the student’s value)

A best fit of the data gives 6.0 h. Halving times read from single data points rather than the curve vary from
about 5 h to 6.5 h because of scatter; a student who reports such a value earns the method point and the second
point if the value falls in the accepted range.

Trap: Reading the time at which the rate reaches half of the raw first value, 535 counts/min, which gives
about 7.5 h.

) 1 point
For selecting “No” and correctly explaining that the recorded rates include the 120 counts/min 1 point
background, which does not decay; the sample’s own rate must be found by subtracting it, and

the sample’s rate does fall to half in about 6 h, consistent with Tc-99m (the raw rate levels off

near 120 counts/min instead of approaching zero, which is why the raw halving time is too long)

(no credit for this part without the correct selection)

Trap: “Yes, because the measured half-life is longer than 6.0 h.” The longer halving time is produced by the
constant background, not by a second isotope.

(g) 2 points
For reasoning that 12 h is two half-lives, so the activity falls by a factor of 22 = 4 between 1 point
preparation and injection (or for A = Ay (%)t/Tl/z solved for Ap)

For an activity at preparation of 4 x 740 = 2960 MBq (= 3.0 x 10 MBq, or 3.0 x 10° decays per 1 point
second)

Trap: Dividing by 4 (185 MBq), which finds the activity 12 h after injection rather than before it; or using
2 half-lives as a factor of 2 (1480 MBq).

Chapter 18a: Ideal gases and kinetic theory
Question 18a.1 (Helium and xenon, page 136) 10 points

(a) 1 point
For selecting “The same as” and correctly justifying it: both gases are at the same temperature 1 point
(thermal equilibrium; collisions share energy until the averages match), and the average transla-

tional kinetic energy depends only on temperature, K = %kBT, not on mass (no credit for this

part without the correct selection)

Trap: “Less than: xenon is heavier, so it has more kinetic energy.” At the same temperature the heavier

atoms simply move more slowly.
(b) 3 points
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For setting the average kinetic energies equal: %mHev%e = %mxevie (or using vyms = v/3kpT/m) 1 point

For Ve _ [TXe 1 point
UXe MHe

For v33 =~ 5.7 1 point

(c) 2 points

For reasoning that the change in momentum when an atom bounces off a wall is 2mwv, and with 1 point
equal average kinetic energies mv? is the same for both, so mv oc \/m: a helium atom’s change in
momentum is smaller, by a factor of v/33 ~ 5.7, even though it is faster

For reasoning that an atom strikes the walls at a rate proportional to its speed (the time between 1 point
hits on a given wall is the round-trip distance divided by the speed), so a helium atom strikes the

walls more often, about 5.7 times as often, as found from (b)

The factor \/33 may be stated as “the speed ratio from (b)”; a correct comparison without the numerical factor
earns the points if the reasoning shows the dependence on m and v.

(d) 1 point
For selecting “The same as” and correctly explaining that the pressure from one kind of atom 1 point
depends on the momentum change per hit times the number of hits per second; from (c), helium’s

smaller momentum change per hit is exactly offset by its more frequent hits (the product is pro-

portional to mv?, the same for both), and there are equal numbers of each kind of atom in the

same volume, so the contributions are equal (consistent with P, = N;kgT/V) (no credit for this

part without the correct selection)

Trap: “Greater than, because helium atoms are faster,” or “less than, because xenon atoms hit harder.” Each
argument counts only one of the two effects.

(e) 2 points
For applying PV = NkgT (or PV = nRT and Avogadro’s number) with the volume in m3 and 1 point
the absolute temperature, 293 K, either to the whole mixture (then taking half of N, since the

numbers are equal) or to the helium alone with its share of the pressure, 5.0 x 10* Pa

For Ny =~ 6.2 x 102! 1 point
Trap: Using the total pressure for helium alone (giving 1.2 x 1022), or using 20 in place of 293 K.
() 1 point

For selecting “Decrease” and correctly explaining that atoms escape when they happen to reach 1 point
the pinhole, and helium atoms, being faster, reach the hole more often (as in (c)), so helium escapes

at a greater rate than xenon and the ratio of helium to xenon atoms in the bulb decreases (no

credit for this part without the correct selection)

Trap: “Stay the same, because the two gases have equal partial pressures.” Equal pressures mean equal
momentum delivered per second, not equal numbers of atoms reaching the hole per second.

Question 18a.2 (Syringe in water baths, page 138) 12 points

(a) 2 points
For one valid step, for example waiting until the trapped air reaches the bath temperature (the 1 point
volume stops changing) before reading

For a second valid step, for example keeping the whole air sample under water, stirring the bath 1 point
and measuring its temperature near the syringe, tapping the plunger to make sure it is not stuck,

reading the scale at eye level, or repeating readings

(b) 2 points
For using PV = nRTk with P and n constant, so V is proportional to the absolute temperature 1 point
Tk

For reasoning that Tk = Tc + 273, so V is a linear function of T¢ (straight, but not through 1 point
Tc =0)

(c) 3 points
For axes labeled with quantities and units, scaled so that the horizontal axis reaches about —300°C 1 point
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For correctly plotted points 1 point
For a best-fit line extended to V =10 1 point

Trap: Starting the temperature axis at 0 °C, which puts the zero of the plot at the freezing point of water
and makes it look as if V' should be proportional to 7" in Celsius.

(d) 3 points
For an intercept read from the student’s own extended best-fit line, with the point where the line 1 point
reaches V = 0 marked on the graph (a bare number with no marked intercept or stated line does

not earn this point)

For a value of about —270°C (accept —240°C to —300°C, or a value consistent with the student’s 1 point
line), matching the marked intercept

For explaining with the ideal gas law that V' = nRTk /P is zero only when T = 0, so this 1 point
temperature is absolute zero

A walue of —273°C quoted from memory, with no line drawn to V =0, earns only the third point.

(e) 1 point
For selecting “The same as” and correctly justifying it: doubling the amount of air doubles every 1 point
volume (and the slope), but by PV = nRTk the volume is still proportional to the absolute
temperature, so the line still reaches V' = 0 at Tx = 0; the intercept does not depend on n (no

credit for this part without the correct selection)

() 1 point
For using PV = nRT with the temperature in kelvins, either with one data point or with the 1 point
slope of the best-fit line (AV/AT = nR/P, about 0.074 mL/K), to get n ~ 8.8 x 1074 mol (accept

8.5-9.3 x 10~ mol)

Trap: Using the temperature in degrees Celsius, which gives a different and wrong value for each data point.

Question 18a.3 (Two-peaked speed distribution, page 140) 12 points

(a) 1 point
For selecting “The same as” and correctly justifying it: the two gases are at the same temperature 1 point
(thermal equilibrium; collisions share energy until the averages match), and the average transla-

tional kinetic energy of an atom depends only on the temperature, K = %kBT, not on its mass

(no credit for this part without the correct selection)

Trap: “Less than: krypton atoms are heavier, so they have more kinetic energy.” At the same temperature
the heavier atoms move more slowly.

(b) 1 point
For selecting “The right peak” and correctly justifying it: helium and krypton atoms have the same 1 point
average kinetic energy, %mvz, so the lighter helium atoms must have the greater typical speeds (or

Urms = /3kpT/m with the same T for both gases, so the smaller mass gives the greater speed),

and the right peak is at the greater speed (no credit for this part without the correct selection)

An answer consistent with an incorrect “greater than” in (a) (e.g., “helium has more kinetic energy and less
mass, so it is faster”) does not earn the point: the reasoning includes an incorrect statement.

Trap: “The left peak, because the taller peak belongs to the lighter, more numerous, or more energetic
atoms.” The position of a peak, not its height, shows the typical speed.

(c) 3 points
For reasoning that the average kinetic energies are equal, %chvfms,He = %mKr’UerS,Kr (or vyms = 1 point
\/3kpT /m with the same T'), and that the peak speeds have the same ratio as the rms speeds
v m
For the predicted ratio He — Kr — V21 ~ 4.6 1 point
UKr MHe

For reading the peak speeds from the graph (about 1100 m/s and 250 m/s; accept 1050-1200 m/s 1 point
and 220-280 m/s), a ratio of about 4.4 (any ratio consistent with the values read, roughly 3.7-5.5),
and a statement that this agrees with the prediction within the precision of reading the graph
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The curve’s peaks are at 1117 m/s and 249 m/s (ratio 4.5). The krypton peak is pulled very slightly to the
right by the small number of slow helium atoms, which is why the graph’s ratio is a little below /21; students
are not expected to notice this. For each gas alone, the peak is at \/2kpT/m: 1117 m/s and 244 m/s.

Trap: Inverting the ratio (y/mmue/mk: = 0.22) or omitting the square root (ratio 21).

(d)(1) 2 points
For reasoning that the number of atoms of one kind (here, the left-peak atoms, krypton, from (b)) 1 point
is represented by the area under that gas’s part of the curve, not by the height of its peak

For reasoning that the height of a peak also depends on how spread out the speeds are: the krypton 1 point
atoms’ speeds are crowded into a narrow range (roughly 0 to 600 m/s), so the krypton hump is

tall and narrow, while the helium atoms’ speeds are spread over a much wider range (roughly 400

to 2500 m/s), so the helium hump is short and wide and can have as much area or more

Ezxample response: The fraction of atoms that are krypton is the area under the krypton hump, not its height.
The krypton atoms are slow and their speeds lie in a narrow range, so their hump is tall but narrow. The
helium speeds are spread over a range several times as wide, so the helium hump is short, but its area can still
be larger. A taller peak does not mean more atoms.

Trap: Agreeing with the student, or saying the taller peak means the krypton is at a higher temperature.
Both gases are at the same temperature; height reflects both the number of atoms and the spread of their
speeds.

(d)(ii) 1 point
For selecting “More right-peak atoms” (helium) and correctly explaining, using the graph, that 1 point
the right (helium) hump has the greater area: for example, if the numbers were equal, the helium

hump would be the krypton hump stretched horizontally by the factor 4.6 from (c) and so 4.6

times shorter, but the krypton peak is only about 3 times as tall, so the helium hump has more

area; or an area estimate (helium hump about 4.5 x 10~* s/m high and roughly 1300 m/s wide,

area about 0.6; krypton hump about 14 x 10~% s/m high and roughly 300 m/s wide, area about

0.4) (no credit for this part without the correct selection)

The graph was computed for 60% helium and 40% krypton. Rough area estimates (counting grid squares, or
height times width at half height) are acceptable if they clearly favor the right hump; a statement such as “the
left hump has about 0.4 of the area, so the rest, about 0.6, is under the right hump” earns the point; with the
scaling argument, the ratio Ngo/Ngr =~ 4.6/3.2 = 1.4 (actual 1.5) is not required. “More right-peak atoms
because the right hump is wider” without comparing area (height and width together) does not earn the point.
(e) 2 points

[3kpT 3(1. 10723 J/K K
For vppms 3kp \/ 38 x 1077 J/K)(300 K) ~ 1.37 x 10®> m/s (or 3kgT = imovZ,, 1 point

6.65 x 1027 kg
solved for vyps)
For explaining that the helium hump is not symmetric: it has a long tail toward high speeds, 1 point
and in the root-mean-square average the speeds are squared, so the few very fast atoms raise the
average well above the most common speed (the peak); the rms speed is therefore greater than the
speed at the peak, about 1100 m/s
Ezample response: vms = 1/3(1.38 x 10-23)(300)/(6.65 x 10-27) ~ 1370 m/s. The peak is at the most
common speed, about 1100 m/s. The helium curve extends much farther above the peak (to about 2500 m/s)
than below it (it must stop at zero speed), and squaring the speeds makes the fast atoms count even more, so
the rms speed lies to the right of the peak.
An explanation using only the asymmetry (the average of a distribution with a long high-speed tail lies above
its peak) earns the second point. The average speed, 1260 m/s, also lies above the peak; mentioning it is not
required.
Trap: Concluding that the graph or the calculation is wrong, or using 7" in °C.
() 2 points
For a sketch in which both peaks are at higher speeds, by roughly the factor v/2 ~ 1.4 (helium 1 point
peak near 1600 m/s, accept 1350-1850; krypton peak near 350 m/s, accept 290-420)
For a sketch in which both peaks are lower and both humps are wider, so that each hump keeps 1 point
about the same area (the krypton peak still clearly taller than the helium peak, and the curve still
starting at zero speed)
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Courtesy figure: the original 300 K curve (dashed) and the 600 K curve (solid). At 600 K the peaks are at
about 1580 m/s and 350 m/s, with heights about 3.2 x 10=* and 10 x 10~* s/m. Students may get the factor
from (c): every characteristic speed is proportional t0 Vypys VT. A sketch that doubles the peak speeds
(treating speed as proportional to T) does not earn the first point. The second point requires both features
(lower and wider); a sketch with taller or unchanged-height peaks does not earn it.

Trap: Moving the peaks right without lowering them, which adds atoms (area), or moving only the helium
peak.

Chapter 18b: Thermodynamics

Question 18b.1 (Two gas expansions, page 143) 10 points
(a) 2 points
For process A drawn as a horizontal line at Py from Vj to 2V} 1 point
For process B drawn as a curve, concave up, from the initial point down to (2V0, %Po) 1 point

P
oA
POY:
| B | | | |
lP 777\777\777\777\777\
e
| | | | |
| | | | | v
Vo 2W

Courtesy plot.

(b) 1 point
For 2Ty, justified by the ideal gas law: at constant pressure with a fixed amount of gas, V is 1 point
proportional to T, so doubling the volume doubles the temperature (no credit for 27; without the
justification)

(c) 1 point
For explaining that the work done by the gas equals the area under its curve on the P-V graph 1 point
between Vy and 2V, and that this area is larger for A because A stays at Py while B’s pressure

falls below Py throughout the expansion

(d) 2 points
For explaining that the internal energy of an ideal gas depends only on its temperature, so with 1 point
the temperature constant the internal energy does not change during B

2026-10-03 00:05 New York time AP Physics 1 & 2 FRQ Bank Page 217/227 DAVIDLIAO.COM



For explaining that the gas expands and so does positive work on the piston, and by the first law 1 point
of thermodynamics, with no change in internal energy, the energy the gas gives up as work must

be supplied to it by heating, in an amount equal to that work

Trap: “The temperature stays the same, so no heat flows.” Constant temperature means no change in internal
energy, not zero heating; the water bath keeps supplying the energy that the gas spends pushing the piston
out.

(e) 1 point
For selecting “Process A” and correctly explaining, with the first law, that in A the heating must 1 point
supply both the increase in internal energy (the temperature rises) and the work done by the gas,

which is the larger work, while in B the heating supplies only the smaller work and the internal

energy does not change (no credit for this part without the correct selection)

Trap: “The same, because both end at volume 2Vj.” The end states differ (pressure Py versus %Po), and
heat depends on the path, not just the final volume.

(f) 3 points
For the work done by the gas, Py AV = PyV; (or work done on the gas, —PyVj) 1 point
For the change in internal energy, AU = %nR AT = %A(PV) = %POVO 1 point
For Q = AU + Wiy gas = %POVO 1 point

Trap: A sign error with the first law gives Q = %POVO; earns 2 of 3. Using AU = %nR AT is fine, but the
answer must be rewritten in Py and Vj using nRAT = Py AV.

Question 18b.2 (Two canisters and entropy, page 145) 10 points

(a) 1 point
For selecting “From X to Y” and correctly explaining that (1) the two canisters together are 1 point
isolated, so their total entropy cannot decrease and increases in a spontaneous process, and (2)

a given amount of energy raises the colder canister’s entropy by more than it lowers the hotter

canister’s entropy, so energy moving from X to Y increases the total entropy while energy moving

from Y to X would decrease it (no credit for this part without the correct selection)

For (2), any of these reasons is enough: Y has less internal energy, and at lower internal energy each added
bit of energy typically increases the number of accessible microstates by a larger factor; AS ~ AU/T, so the
same enerqgy gives a larger entropy change at the lower temperature; X’s molecules have the greater average
kinetic energy, so moving energy to Y spreads the total energy more evenly among all the molecules, which
typically has more microstates. Writing 1/T = AS/AU or S = kpln W is not required. “Heat flows from hot
to cold” by itself earns nothing, and “Y has less entropy, so it gains entropy” does not earn the point.

(b) 1 point
For selecting “Less than” and correctly explaining that X loses internal energy while its volume and 1 point
amount of gas stay fixed, so its entropy decreases (with less energy to share among its molecules,

fewer microstates are typically available to it, or AS = Q/T with @ < 0); the second law requires

only the total entropy of the isolated pair to increase, not the entropy of each part (no credit for

this part without the correct selection)

Students reason from small cartoons (a few oscillators sharing a few energy quanta), in which counts can
behave differently from those for a real gas, and they are not expected to know about very large numbers of
particles or about weighting microstates by probability. Do not require a claim that every count must fall;
“typically fewer microstates” or “fewer ways to share the energy” with the decrease in X’s energy as the cause
s enough.

Trap: “Greater, because entropy always increases.” The second law applies to the isolated pair, not to each
canister.

(c) 2 points
For reasoning that at a common temperature (equal internal energies, for identical canisters) a 1 point
small amount of energy changes each canister’s entropy by the same amount per unit energy, so

moving a little energy either way raises one canister’s entropy by as much as it lowers the other’s

(or: the number of microstates of the pair is typically greatest when the energy is shared equally)
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For concluding that no transfer in either direction can increase the total entropy, which is now 1 point
at its greatest value, so the second law no longer favors either direction and there is no net flow

(transfers in the two directions balance on average)

Trap: “Because the entropy is now zero” or “because each canister has reached maximum entropy.” Only
the total entropy of the pair is at its maximum; each canister’s entropy depends on its energy.

(d) 2 points
For reasoning that the canisters are rigid and isolated from everything else, so no work is done and 1 point
the energy X loses equals the energy Y gains; since the canisters are identical, they meet at the

average temperature, Ty = 350 K

For Q = 3nR AT = £(0.20 mol)(8.31 J/(mol K))(50 K) ~ 125 J (accept 120-130 J) 1 point

Writing U = %nRT for each canister and using conservation of total internal energy is an equally good route
to both points.

(e) 3 points
For the change in entropy of X with the correct sign: ASx ~ —125 J/375 K~ —0.33 J/K 1 point
For the change in entropy of Y with the correct sign: ASy ~ +125 J/325 K =~ +0.38 J/K 1 point

For the total, AS ~ 40.05 J/K, a positive value (accept 0.04-0.06 J/K, consistent with the values 1 point
for X and Y)

The ezact values, %ann(Tf/Ti), are —0.333 and +0.385 J/K, total +0.051 J/K; the approximation is not
the source of the positive total.

Trap: Using the same temperature for both canisters, which gives a total of zero.

(f) 1 point
For selecting “Less than” and correctly explaining that the same energy (125 J, since the tem- 1 point
perature difference and heat capacity are unchanged) is transferred, and the total is about
Q(1/Tyavg — 1/Tx avg) = Q(Tx,ave — Tv,ave)/(Tx avelv,avg): the numerator is unchanged (50

K) while the product of the temperatures is larger, so Y’s gain exceeds X'’s loss by less (about

+0.03 J/K; a calculation as in (e) also earns the point) (no credit for this part without the correct

selection)

Trap: “Equal to, because the temperature difference is the same.” The total depends on 1/T¢ — 1/Ty
(roughly), not on Ty — T¢.

Question 18b.3 (Rectangular cycle, page 147) 12 points

(a) 2 points
For using the area enclosed by the cycle (or the sum of the work in each process: +4P;Vy for 1 point
A—B, 0, 2PV} for C—D, 0)

For Why gas = 2P Vo (positive, since the cycle runs clockwise) 1 point
(b)(@) 2 points
For identifying the correct aspect: the internal energy does not change over the cycle 1 point

For a correct reason: internal energy depends only on the state (for an ideal gas, on temperature, 1 point
U= %nRT = %PV)7 and the gas returns to the same state

(b)(ii) 2 points
For identifying the incorrect aspect: the conclusion that the net heating is zero 1 point
For explaining with the first law, AU = Q + Wop gas = @ — Wiy gas: With AU = 0, the net heat 1 point
added equals the net work done by the gas, 2FPyV}, which is not zero

Trap: Agreeing with the student. Heat, like work, depends on the path, not only on the starting and ending
states.

(c) 3 points
For the change in internal energy: AU = %A(PV) = %(6P0Vb — 2P Vo) = 6PV 1 point
For the work done by the gas: 2P, - 2Vy = 4P,V 1 point
For Q = AU + Wiy gas = 10 V) 1 point
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Trap: Writing Q = 4PyVy (the work alone) or 6P V; (the internal-energy change alone).

(d) 2 points
For reasoning that the volume is constant, so the gas does no work and Q = AU = %A(PV) = 1 point
SvAP

For Q = %(3‘/0)(P0 —2P)) = —%POVO: %POVO is transferred out of the gas 1 point

Trap: Writing Q = 0 because no work is done. With no work, all of the change in internal energy comes from
heating.

(e) 1 point
For selecting the ranking Tp > T > T4 > Tp and correctly justifying it: for an ideal gas with 1 point
fixed n, T o« PV, and the products PV are 2, 6, 3, 1 (in units of PyVp) for A, B, C, D (no credit

for this part without the correct ranking)
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Notes: provenance records

Prepared with assistance from Claude, an AI model made by Anthropic. Each record lists separate choices, made

and written down before the question’s wording: the governing and constitutive relationships, the branch of the

author’s production schema (handout T.0.2) that the question turns on, the object model and representation, the

format (handout T.1), and the trap. A script compares every record with every other and flags repeated object

models and repeated pairings of relationship and branch. No published question was open while any question was

written. Questions marked “bank” are copied from the author’s own CCO problem bank. Numerical answers and

experimental data were checked by script. This describes the process used; it is not legal advice.

Q

Relationships

Schema branch

Object model

Trap; source

AP Physics 1

1.1

1.2

1.3

2.1

2.2

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

4.1

4.2

5.1

5.2

kinematics (displacement
= area under v-t); avg v
= (vi+vf)/2 for UAM
kinematics (UAM); avg v
= (vitvf)/2

average velocity = dis-
placement / time; x-t
graph slope

2-d kinematics (vertical
motion sets time); y = vy0
t-gt°2/2

2-d kinematics (released
object keeps carrier’s ve-
locity); x =wt; y = H +
ut-gt°2/2

N2L (equilibrium); static
friction < muS N; mag-
netic pull given

N2L (system); weight

N2L; weight + downward
normal force

N2L (hanging and hori-
zontal); F = m_g g; F =
m.i a

N2L (system) + kinemat-
ics; £ = muK N; v'2 =
v0"2 4 2a dx

N2L (system and sphere);
f = muK N; N includes
string pull

N2L (verge of slipping); fs
< muS N

N2L along incline; mg
sin; kinetic friction op-
poses motion

N2L (2-d); N cos = mg; N

sin = ma

N2L; slope of v-t = a; mg
- Fd = ma

N2L (2-d) for ball and
boxcar; kinetic friction op-
poses motion

N2L (circular); Fg = G ml
m2 /r'2;a=v"2/r

N2L (circular) for each
moon; Fg = GMm/R"2; v

=2pi R/T
impulse-momentum;
p=mv

momentum 4+  energy;
spring U

OS.T.2 limiting cases of
phase durations

0OS.T.2 equal time inter-
vals at half speed

OS.T.2 interval set by A’s
finish

OS.T.2 split
launch height

flight at

OS.T.2 initial vertical ve-
locity nonzero at release

1 snapshot; inequality
fs<muS N
system choice: inertia of

whole system

OS.T.1 two forces, only
one halved
two measurements,

gravity-dependent and
not

0OS.T.2 reaches smooth re-
gion before stopping

OS.S system choice; nor-
mal force carries sphere
weight

Si.Vrg.Sl verge of slipping

0OS.T.2 up vs down

tan theta =
proportional

a/g non-

constant slope means con-
stant drag

string perpendicular to
ramp when a = g sin

OS.T.1 orbit radius vs sep-
aration

linearize T"2 vs R"3; en-
closed mass differs

2 snapshots; external im-
pulse nonzero

2 snapshots; momentum
toggled off by glue

programmable toy car with
two phases

braking car on highway

two cars racing to a finish line

cannonball from cliff

seed pod released from a
climbing survey drone

fridge magnet + calendar

block on table + hanging mass

block pushed down by a mov-
ing panel

cart, force probe, motion de-
tector

block skidding on half-rough
table with hanging mass

block on two planks with a
sphere hanging ahead through
the gap

wooden block on wooden
board, claimed friction ceiling

block sliding up or down a
ramp

box held on an accelerating
wedge

object falling through fluid,
curved then straight v-t

ball hanging in a boxcar on a
ramp

binary pair of equal stars

four moons of a new planet

cart + spring bumper

two blocks + spring
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larger v1 so smaller accelera-
tion; bank (2021 EoY packet,
1.1.3)

half speed at half distance;
bank (2021 EoY packet, 1.1.2)
same track so same average ve-
locity; bank (2021 EoY packet,
1.1.1)

time proportional to launch
speed; bank (2021 EoY packet,
1.1.4)
’dropped’
rest; new

means starts from

fs = muS N misread as equality;
new

only block has inertia; bank
(2021 EoY packet, 1.2.3)
acceleration proportional to
one force; bank (2021 EoY
packet, 1.2.1)

one measurement called the
mass; bank (2021 EoY packet,
1.2.2)

friction beats hanging weight
so it stops; bank (2021 EoY
packet, 1.2.5)

lighter block less friction
smaller a; bank (2021 EoY
packet, 1.2.6; Ch 3 Quiz 3)

no plateau seen means consis-
tent; bank (2021 EoY packet,
1.2.7)

gravity helps going down; bank
(2021 EoY packet, 1.2.8)

angle proportional to accelera-
tion; bank (2021 EoY packet,
1.2.9)

concave portion supports claim;
bank (2021 EoY packet, 1.2.10)
string hangs vertical; bank
(Boxcar handout)

mass cancels as for satellite;
bank (2021 EoY packet, 1.3.1)
line not forced through origin;
bank (2021 EoY packet, 1.3.2)

speeds vs velocities; new

same energy so same compres-
sion; new
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Schema branch

Object model

Trap; source

5.4

6.1

6.2

7.1

7.2

7.3

7.4

7.5

8a.l

8a.2

8b.1

8b.2

8b.3

8b.4

10.1

10.2

10.3

10.4

11a.1

11a.2

11b.1

11b.2

Relationships
momentum conservation;
p = mv vs mistaken
mv°"2/2

impulse-momentum (hori-
zontal); pulley force on
string

COM of isolated system
stays at rest; x_.cm = sum
m x / sum m

COM velocity constant
with zero external force;

x.em = (ml x1 + m2
x2)/(m1+m2)
work-energy; W = F dl; K
=mv’2/2

conservation of mechani-
cal energy; UG = mgh;
K = mv"2/2; time = dis-
tance/speed

energy then momentum; v
= sqrt(2gH); perfectly in-
elastic

momentum 4+  energy;
common velocity at max
height

energy; spring U; UG

N2L rotation (static equi-
librium); tau = r_perp F

N2L rotation (static) +
N2L; tau = r_perp F

N2L rotation; tau=r_perp
F; I=sum m r"2

work-energy  (rotational)
and N2L rotation; W = F
L; K=1/21w"2; tau =
rF; L = r dtheta

angular momentum con-
servation; N2L rotation; I
=MR"2/2; tau = mu N R
angular momentum + en-
ergy; K = L"2/2I; com-
mon omega at max height
SHM (half cycles); T =
2 pi sqrt(m/k); energy
kA"2/2

SHM (pendulum portion)
+ kinematics; T = 2 pi
sqrt(R/g); v = sqrt(2gh)
N2L; SHM; f =bxm g
acts like spring

SHM (pendulum quar-
ter periods); T = 2 pi
sart(1/g)

N2L for a system (scale
normal force vs total

weight); buoyant force rho
V g; COM motion

N2L  (equilibrium) for
floating can; FB = rho V
g;dV=Ad

continuity (volume flow
rate); A v = const; free fall
speeds up

continuity; Q = A v; A =
pi d*2/4

0S.S.ChCons.Imp; wrong
conserved quantity

OS.S external force from
pulley

0S.S.IntDOF'S internal
force cannot move COM

O8.S choose two-puck sys-
tem through collision

0S.S.ChCons.WChlInt

same work, different mass
OS.T.2 speed set by final
height; contact constraint

OS.T.2 two stages, differ-
ent conserved quantity

OS.T.2 shared motion at
max height

0OS.S system choice (ball
alone vs ball+spring)

OS.A choose axis through
intersection of lines of ac-
tion

OS.A axis at one support;
one support pushes down

1 snapshot; torque zero
when line of action
through axis

2 snapshots; work depends
on string length, not spin-
dle radius

scaling cancels in both
torque and inertia

0OS.T.2 same L, different K
0OS/Si.SHM recognize por-
tion of SHM

OS/Si.SHM portion plus
constant-speed segment

0OS/Si.SHM hidden SHM

OS/Si.SHM two portions
of different length

choice:
just

system
tank+water+float;
before vs just after

0O8S.T.2 same added weight

OS.T.2 two heights in one
steady stream

OS.T.2 fixed volume rate
through different needles

identical sticky carts; misre-
membered formula

block on table, string over pul-
ley, hanging mass

two carts held by thread
with repelling magnets, thread
burned

air-hockey pucks filmed from
above, one stationary

blocks pushed on frictionless
track

toys inserted in slots under a
sliding ball

block down ramp hits and
sticks to block on floor

block sliding up a free wedge,
masses swapped

piston-spring ball
horizontal vs vertical

launcher,

rod resting in hemispherical
bowl

wall shelf held by an upper and
a lower peg with a cat at the
free end

disks with clay lumps

pull-cord top launcher with in-
terchangeable spindles

spinning disk on rubber feet
atop a second disk

ball in groove of lazy Susan
with ramp

unattached block between two
springs

skate ramp with two quarter
arcs

block sliding onto floor with
friction growing with distance
pendulum string catching on a
lower rod

submerged float tethered in a
fish tank on a bathroom scale

two open aluminum cans of
different diameters floating

thin falling stream from a
kitchen faucet

syringe pump with inter-
changeable needles
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same answer either way; bank
(2021 EoY packet, 1.4.2)

tension supplies the impulse;
bank (2021 EoY packet, 1.4.4)
COM drifts toward heavier
cart; new

COM changes during the colli-

sion; new

same work so same speed; bank
(2021 EoY packet, 1.5.2)
tallest toy without checking
contact; bank (2021 EoY
packet, 1.5.4)

conserve KE through collision;
bank (2021 EoY packet, 1.5.5)

heavier block climbs higher;
bank (2021 EoY packet, 1.5.6)

more compression more ball en-
ergy; bank (2021 EoY packet,
1.5.7)

keep figure’s arrangement;
bank (2021 EoY packet, 1.6.1)

both pegs push up; new

force size read as torque; new

bigger torque so bigger final
spin; new

heavier presses harder so longer
marks; bank (2021 EoY packet,
1.7.2)

same L so same height; bank
(2021 EoY packet, 1.7.3)

attached-spring period; equal
amplitudes; bank (2021 EoY
packet, 1.8.2)

pendulum period independent
of everything; bank (2021 EoY
packet, 1.8.4)

acceleration linear in time;
bank (2021 EoY packet, 1.8.1)
longer apparatus longer time;
bank (2021 EoY packet, 1.8.3)

‘nothing added or removed, so
no change’; new

same mass so same depth; bank
(2021 EoY packet, AP Physics
21.1.1)

pressure squeezes stream; new

speed proportional to 1/d in-
stead of 1/d"2; new
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Relationships

Schema branch

Object model

Trap; source

1lc.1

11c.2

Bernoulli + hydrostatic
pressure; P + rho gy +
rho v°2/2 = const
hydrostatic pressure —+
Bernoulli + projectile;
P=P0 +rhogd; v=
sqrt(2gd)

AP Physics 2

7.1

7.2

12a.1

12a.2

12b.1

12b.2

13.1

13.2

14.1

14.2

14.3

15.1

15.2

16.1

16.2

energy conservation on
U(x); F =-dU/dx

energy conservation
on U(r); F = -dU/dr;

asymmetric well

standing waves on string;
v = sqrt(T/mu); 1 =
v/2L

standing sound waves in
closed tube; f = v/4L for
air column

equal travel times:
d/vssound = L/(c¢/n);
v = c¢/n in fiber; total
internal  reflection  at
core-cladding boundary
dU = q dV; energy con-
servation; |E| = |dV|/d; E
points downhill

dV = -E dr (area under
E-r); E = kQ/r"2 outside
conductor

loop/junction rules; Q=C
dV; Ohm

R = rho 1 / A; fixed vol-
ume: A = Vol/l

N2L (circular) with mag-
netic force + energy; F =
qvB; qV = mv"2/2
magnetic force between
currents + N3L; B = mu0
I/2pir; F=ILB
magnetic force on moving
charge (motional emf); F
= qvB; flux symmetric

motional emf + Ohm; emf
= B v w; R prop. perime-
ter; P = emf"2/R
Faraday’s law (motional
emf) + Newton’s second
law + energy conserva-
tion; emf = B 1 v; I =
emf/R; F=11B; P=1"2
R

single-slit diffraction; a sin
theta = m lambda; small
angle

thin-film interference;
phase flip at higher-n
reflection; 2 n t

thin lens; 1/f = 1/so +
1/si; rays

Snell’s law; nl sinl = n2
sin2; small angle

OS.T.2 surface and outlet;
loop height drops out

OS.T.2 two holes;
needs fall time

range

turning points and force
from slope

average separation
with energy

rises

linearize f*2 vs T

air-column length not wa-
ter depth

one-way vs round trip
(factor of 2 cancels); prop-
agation delay vs band-
width

path independence; sign of
charge

which region contributes
most area

just after vs long after

hidden coupling between
controlled and changed
variable

compare species through
same V and B; period in-
dependent of speed

N3L pair equal despite un-
equal currents

relative motion vs chang-
ing field

width perpendicular to ve-
locity matters

terminal speed set by force
balance; R doubled; open
circuit (emf but no cur-
rent)

linearize spacing vs screen
distance

number of phase flips
(coating index between air
and glass)

every part of lens forms
whole image
refraction away from nor-
mal into air

aquarium siphon hose with ad-
justable loop

soda bottle with two pin holes
above a counter

magnet cart on track with
fixed magnets
two bonded atoms in a solid

guitar string tensioned via lug-
gage scale
glass bottles with water,
blown across top

two musicians linked by an
ideal optical-fiber route

lab map of equipotential lines
(unknown source)

charged conducting sphere
with three equal radial regions

RC divider

cylinders rolled from one lump
of conductive dough

proton therapy bending mag-
net with protons and alpha
particles

two single-conductor DC ca-
bles on a workshop bench car-
rying unequal currents

copper disk and coaxial cylin-
drical magnet (Faraday disk)

loops bent from one wire stock
pulled into field region

horizontal rod sliding down
vertical rails joined by a resis-
tor in a uniform field

laser through a human hair
onto a wall

clear coating on a glass slide vs
soap film

magnifying glass projecting a
window onto a wall
coin at bottom of a mug of tea
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higher loop slower flow; new

higher pressure so farther jet;
new

zero U slope means zero speed;
new

symmetric vibration so no ex-
pansion; new

plot f vs T; new

double water double pitch; new

treating bandwidth as signal
speed; new

longer path more work; electron
moves downhill; new

equal widths so equal contribu-
tions; bank (2021 EoY packet,
3.1.2)

capacitor as break at t=0; new

R proportional to 1 when A also
changes; new

larger charge bends more; new

larger current exerts
force; new

larger

spinning magnet induces emf;
bank (2021 EoY packet, AP
Physics 2 1.2.1); the cases fol-
low Faraday, Experimental Re-
searches in Electricity, para-
graphs 88 (1831) and 218
(1832), public domain

area or perimeter instead of
leading width; new

larger resistance slows the rod
more; an emf alone retards the
rod; new

thicker hair wider pattern; new

thin film always dark; new

covering half lens removes half
image; new
coin appears deeper; new
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Relationships

Schema branch

Object model

Trap; source

16.3

16.4

17a.1

17a.2

17a.3

17b.1

17b.2

18a.1

18a.2

18a.3

18b.1

18b.2

18b.3

law of reflection; mirror
equation; 1/do + 1/di =
1/f; M = -di/do; plane-
mirror image as far behind
as object in front

rectilinear propagation of
light (ray model); similar
triangles; brightness pro-
portional to visible source
width (stated model)
energy conservation for
photons; E=h f; e V
energy conservation for
atomic transitions; E pho-
ton = level difference
energy conservation for
atomic transitions (photon
energy = level difference);
Bohr hydrogen-like E.n =
-13.6 eV Z°2/n"2, rn =
0.0529 nm n"2/Z; E = hf;
net enclosed charge of ion
core

conservation of momen-
tum and energy in a de-
cay from rest; E = (delta
m) ¢*2 with 1 u = 931.5
MeV/c"2; K = p“2/2m;
conservation of charge and
nucleon number
radioactive decay as a ran-
dom process with con-

stant half-life; N = NO
(1/2)"(t/T); net rate =
measured rate - back-

ground

kinetic theory; avg KE =
3kT/2; P=NkT/V
ideal gas law; V prop. T
at fixed P

kinetic theory (equal av-
erage KE at a common
temperature); avg KE =
3kT/2 = m v.rms®2/2;
area under the distribu-
tion = fraction of atoms
first law of thermo;
PV=nRT; U=3/2 nRT
second law (isolated pair);
dS =dU/T; S =kB In W;
U = 3/2 nRT

first law of thermo over a
cycle; W = area; dU = 0
over cycle

object inside focal point
(virtual, upright, magni-
fied) vs convex mirror (di-
minished); plane mirror
size independent of dis-
tance

extended vs. point source;
obstacle narrower than
source so the full shadow
ends before the wall

linearize turn-on voltage
vs frequency
cold gas absorbs only from
ground state

far-out electron sees Z_eff
= 1; at low n the electron
overlaps the core and Z_eff
i1

equal and opposite mo-
menta give the lighter
fragment most of the Kki-
netic energy

background subtraction is
needed before reading the
half-life

mixed gases reach one
temperature

extrapolate to V. = 0

two gases at one tempera-
ture: peak position set by
mass, peak height set by
both number and spread

2 snapshots; path depen-
dence of Q

energy moves toward the
larger entropy gain per
unit energy; part entropy
may fall

2 snapshots same state; Q
net = W

person at a plane wall mirror
and a concave makeup mirror

glowing frosted window, tall
thin board, far wall of a room

set of colored LEDs on a vari-
able supply

hypothetical three-level gas
lamp and cool cloud

rubidium atom with outer
electron excited to n near 50

Po-210 nucleus at rest decay-
ing to Pb-206 + alpha

medical Tc-99m vial on a
counter with background

helium and xenon sharing a
sealed bulb

greased glass syringe in water
baths

sealed container of 60% helium
and 40% krypton at 300 K

gas in cylinder (isobaric vs
isothermal)

two identical insulated canis-
ters of gas brought into con-
tact

rectangular P-V cycle of a
demo engine

mirror must be as tall as the
person; moving away from a
mirror always shrinks the im-
age; new

point-source thinking: sharp
shadow; narrower source gives
smaller shadow; new

intensity sets photon energy;
new

absorption at every emission
line; new

Z = 37 (nuclear charge); tran-
sition energy scales as 1/n"2;
new

energy split equally, or all of Q
given to the alpha; new

half-life read from raw counts
(about 7.5 h); new

heavier
new
plot in Celsius through origin;
new

taller peak means more atoms;
new

atoms more energy;

same final volume so same heat;
new

each canister’s entropy in-
creases; adapted from the user’s
two-canister fragment

same state so net heat zero;
new
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Changelog

Question numbers are permanent: a new question gets the next number in its chapter, and no question is renum-
bered. Corrections to posted questions are listed here and appear in the next edition.

e Phase 1. First posted edition: 67 questions (45 AP Physics 1, 22 AP Physics 2); every chapter
has at least two.

e Phase 1. Imported from the 2021 EoY packet: 1.1.1-1.1.4, 1.2.1, 1.2.2, 1.2.5-1.2.10, 1.3.1, 1.3.2,
1.4.2,1.4.4,15.2,1.5.4-1.5.7, 1.6.1, 1.7.2, 1.7.3, 1.8.1-1.8.4, AP2 1.1.1, AP2 1.2.1, 3.1.2 (1.2.3 was
already in the bank; 1.2.6 is the same question as Ch 3 Quiz 3), and the Boxcar handout. Keys
were written where the sources had none.

e Phase 1. Changes to imported questions: 1.1.4 now says the launch direction is unchanged and
air resistance is negligible. 1.1.2 is restructured from a single paragraph-length response into three
parts: a qualitative comparison (greater, less, or the same), a velocity—time sketch, and an algebraic
derivation of the ratio. 1.5.4 states that the ball has enough speed to reach the end and gives the
order of the heights. 1.8.4 states that the ball slides without rolling; part (b) now asks for one
consistent and one inconsistent feature of the scatterplot (the original could be argued either way).
1.6.1’s figure is redrawn so that point P is clearly off line ¢. 1.8.2(b) no longer implies which spring
is stiffer, and 1.8.2 is rescored as a 7-point, 13-minute question (it was 12 points). 3.1.2 sketches
are redrawn. 1.7.2 (stacked disks) is redrawn in correct perspective with the three feet 120° apart,
plus a top view showing the feet. 1.1.1 adds a position—time sketch. 1.2.1 asks for a paragraph-
length response and states that air resistance is negligible. 1.2.6 adds a top view (block across the
slit; string and sphere seen through it) and a direction-of-motion arrow and says the string passes
between the planks; the measured angles are raised by 30° (now 51-63°), because the original angles
implied kinetic friction coefficients of about 1.5-2.6. 1.2.7: the claim now names its limiting value
(8.0 N); as first written, the data could not contradict it, because the leveling off might happen
above the largest normal force tested. 1.2.10 adds Yes/No selection lines and states that the fluid
is uniform and the buoyant force is negligible. 1.5.7(a) now asks about the ball while it is held
at rest. 1.5.5: the zero of gravitational potential energy is now specified (part (a) had no definite
answer without it). 1.5.6 states that the initial speed is the same in both experiments and that the
block does not reach the top. 1.7.3 (Lazy Susan) states that the ramp keeps the ball at the same
distance from the axle and that the ball never reaches the cliff, keeps a perspective view and adds
a top view drawn from the same 3-D model (the earlier top view put the ball on the wrong side of
the ramp); the perspective view is drawn with hidden lines removed by ray tests (an earlier draft
showed the groove through the opaque ramp), and adds part (c), a derivation of the first height.
1.8.1 adds part (b), a derivation of the stopping time. 1.8.3 states that the string length stays the
same when the lower rod is moved and that the rod’s small horizontal offset is neglected, redraws
the figure with the rods seen end-on in front of the board, and adds part (b), a derivation of the
time. The Boxcar handout’s multiple-choice and explanation pairs are combined into two parts.
The 1.3.2 key now notes that moons A and B agree with each other, as do C and D.

e Phase 1. Scoring rule for selections, applied to every question. A brief part with selection blanks
followed by a brief explanation is worth exactly 1 point; the selection is a gate, and with the cor-
rect selection the point still requires a correct explanation (a good-faith attempt earns nothing).
A paragraph-length part with selection blanks is not gated: the blanks are a courtesy and earn
nothing; the points come from the paragraph’s reasoning. Rescoring changed the following im-
ported questions (totals and times unchanged). 1.1.1(a) is now paragraph-length. 1.1.2(a) is now
paragraph-length (3 points) and (c) is 2 points. 1.1.3(a)(i), (a)(ii), and (d) are gated 1-point parts
and (e) is a 4-point paragraph. 1.1.4 gains part (b), a gated selection on the maximum height.
1.2.1, 1.2.9, 1.2.10, and 1.4.2 each become a 6-point paragraph (a) plus a gated 1-point part (b);
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1.5.6 becomes a gated 1-point part (a) followed by a 6-point paragraph (b). 1.2.5 is split into three
calculations (deceleration on the rough portion, speed at the smooth portion, acceleration there)
and a gated graph choice. 1.2.6(a)(i) is paragraph-length; (a)(ii) and (c)(i) are gated; new (c)(ii)
asks for the kinetic friction coefficients of two groups; the old (c)(ii) is now (c)(iii) (2 points). 1.2.7
gains (f), the static friction coefficient from the data, and its design parts accept a tilting-board
method. 1.2.8, 1.5.7, and the Boxcar handout: (a) is gated, (b) is paragraph-length, and a new
derivation or calculation part (c) is added. 1.3.1(a) is paragraph-length. 1.5.4(a)(i) and (a)(ii)
are paragraph-length, (b) and (c) are gated, and new (e) derives a speed. 1.5.5 is reorganized:
(a) gated, (b) a derivation of the kinetic energy after the collision, (c) a gated comparison, (d) a
derivation of the energy converted to internal energy. 1.6.1’s selection point is replaced by a second
reasoning point. 1.7.2(a) is gated and new (c) derives the energy converted to internal energy.
1.7.3(a) is gated and new (d) derives the ratio of the two heights. 1.8.1(a), 1.8.3(a), and 1.8.4(a)
are paragraph-length. AP Physics 2 1.1.1 gains part (b), a gated selection on floating in salt water.
3.1.2(a) is paragraph-length, (b) and (c) are gated, and new (d) and (e) ask for the particle’s kinetic
energy at two points and a sketch of kinetic energy versus distance.

e Phase 1. AP Physics 2 Chapter 18b gains a question built from the user’s two-canister fragment:
gated entropy explanations of the direction of energy flow and of the hotter canister’s entropy
change, an explanation of why the flow stops at a common temperature, and calculations of the
energy transferred and the entropy changes.

e Phase 1. AP Physics 2 1.1.1’s figure is redrawn from a 3-D model, with the cans open at the top,
the bottoms meeting the sides with vertical tangents, and the water drawn as a tank seen through
its front.

e Phase 1. Every page carries the davidliao.com wordmark.

e Phase 1. Paragraph-length responses now appear only in the short (7-point) AP Physics 1 ques-
tions; every 12-point AP Physics 1 question and every AP Physics 2 question uses modest-length
explanation parts instead. Imported questions affected: 1.1.3(e) is a 1-point gated selection and a
new (f) derives the second-phase acceleration. 1.2.6(a) opens with a 2-point explanation of why the
normal force on the block is (m + M)g, followed by gated selections for the acceleration and the
angle; (c) now starts with the kinetic friction calculation, asks (gated) whether the change exceeds
the measurement uncertainty, then asks the sabotage question, and ends with a 1-point alternative
explanation tied to the data. 1.5.4(a) is three short parts (energy explanation; why Toy A is re-
quired; gated slot selection), and a new (e) asks for the difference in travel times; the former (e) is
(f). 1.7.3 gains (b), why the disk starts turning counterclockwise; the paragraph is replaced by (c),
how the kinetic energies at maximum height compare, (d), a gated comparison of the initial kinetic
energies, and (e), a gated comparison of the heights; the derivations are (f) and (g). 3.1.2(a) is a
2-point explanation and a gated selection, and (d) also asks for the fraction of the kinetic energy
gained in region I.

e Phase 1. AP Physics 2 Chapter 17 is split into 17a Quantum physics and 17b Subatomic physics
(special relativity is not part of the course except mass—energy equivalence). Former 17.1 and 17.2
are now 17a.1 and 17a.2.

e Phase 1. New AP Physics 2 questions: 11.3 (playing music over optical fiber), 14.3 (rod falling
on vertical rails), 16.3 (bathroom mirrors), 16.4 (window, board, and shadow), 17a.3 (Rydberg
atoms), 17b.1 (alpha decay of polonium-210), 17b.2 (technetium-99m vial), 18a.3 (two-peaked speed
distribution).

e Phase 1. The footer on landscape contents pages now runs along the bottom edge of the page as
it is read.
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e Phase 1. Changes to AP Physics 2 1.2.1 (copper disk and magnet): it says the magnet is cylindrical
and magnetized along its length and asks about the potential difference between the dots (an emf
belongs to a closed path); the magnet and disk are redrawn from a 3-D model; it now begins with
the spinning-disk derivations (force on a free electron; magnitude and direction of the balancing
field) and gated parts on doubling the angular speed, on which dot is at higher potential, and on the
inner and outer halves of the span, and ends with the four-scenario table and gated explanations
for a spinning magnet with a still disk and for both spinning. Its provenance now cites Faraday’s
own experiments (paragraphs 88 and 218 of Experimental Researches in Electricity).
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