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AP® Physics 2: Algebra-Based 2021 Scoring Guidelines

Question 4: Short Answer Paragraph Argument 10 points
(a) For obtaining the correct relationship between electron wavelength and speed 1 point
For correctly substituting values 1 point

Example response for part (a)
A=h/p=h/my

(6.63x107 Jus)
(9.11x107" kg)(5.0x107 m)

v=15x10" m/s

Total for part (a) 2 points

(b) Forusing F£ = mc? to convert mass to energy 1 point
For including the kinetic energy of the electron 1 point
For including the equivalent energy of both particles and correct substitutions, with a 1 point
speed consistent with the answer to part (a)
Example response for part (b)
Eppy = 2(9:11x107" kg)(3x10° my/s) + (1/2)(9.11x 107" kg)(1.5x10° m/s)’
E, =16x107"3]
Total for part (b) 3 points
() For indicating that the photon has a component of momentum (or velocity) toward the 1 point
bottom of the page
For indicating that momentum must be conserved in both the horizontal and vertical 1 point
directions
For indicating that energy is conserved 1 point
For indicating that the new photon has less energy, so it has a lower frequency 1 point
For a logical, relevant, and internally consistent argument that addresses the required 1 point

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

Example response for part (c)

In order to conserve momentum in the vertical direction, the photon must have a
component of its momentum toward the bottom of the page. If the horizontal component of
the momentum of the electron after the collision is less than the initial momentum of the
photon, then the photon must move toward the right after the interaction. In order to
conserve energy, the frequency of the photon after the collision is less than what it was
before the collision because it gave some of its energy to the electron.

Total for part (¢) S points

Total for question 4 10 points
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P2 Q4 A p1

Begin your response to QUESTION 4 on this page.

4. (10 points, suggested time 20 minutes)

Light and matter can be modeled as waves or as particles. Some phenomena can be explained using the wave
model, and others can be explained using the particle model.

(a) Calculate the speed, in m/s, of an electron that has a wavel of 5.0 nm.
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(b) The electron is moving with the speed calculated in part (a) when it collides with a positron that is at rest. A
positron is a particle identical to an electron except that its charge is positive. The two particles annihilate each
other, producing photons. Calculate the total energy of the photons.
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P2 Q4 A p2

Continue your response to QUESTION 4 on this page.

Photon Electron Electron
NN .
Before Collision After Collision
(Photon not shown)

(c) A photon approaches an electron at rest, as shown above on the left, and collides elastically with the
electron. After the collision, the electron moves toward the top of the page and to the right, as shown above on
the right, at a known speed and angle. In a coherent, paragraph-length response, indicate a possible direction
for the photon that exists after the collision and its frequency compared to that of the original photon. Describe
the application of physics principles that can be used to determine the direction of motion and frequency of the
photon that exists after the collision. ) . \ & Yons
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P2 Q4 B p1
Bcoinyowmporaoto QUESTION 4 on this page. | o
4. (10 points, suggested time 20 mmm)

Light and matter can be modeled as waves or as particles. Some phenomena can be explained using the wave
model, and others can be explained using the particle model.

(a) Calculate the speed, in m/s, of an electron that has a wavelength of 5.0 nm.
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(b) The electron is moving with the speed calculated in part (a) when it collides with a positron that is at rest. A
positron is a particle identical to an electron except that its charge is positive. The two particles annihilate each
other, producing photons. Calculate the total energy of the photons.
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P2 Q4 B p2

Continue your response to QUESTION 4 on this page.

Photon Electron Electron
MN— o .
Before Collision After Collision
(Photon not shown)

(c) A photon approaches an electron at rest, as shown above on the left, and collides elastically with the
electron. After the collision, the electron moves toward the top of the page and to the right, as shown above on
the right, at a known speed and angle. In a coherent, paragraph-length response, indicate a possible direction
for the photon that exists after the collision and its frequency compared to that of the original photon. Describe
the application of physics principles that can be used to determine the direction of motion and frequency of the
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P2 Q4 C p1

Begin your response to QUESTION 4 on this page.

4. (10 points, suggested time 20 minutes)

Light and matter can be modeled as waves or as particles. Some phenomena can be explained using the wave
model, and others can be explained using the particle model.

(a) Calculate the speed, in m/s, of an electron that has a wavelength of 5.0 nm.
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(b) The electron is moving with the speed calculated in part (a) when it collides with a positron that is at rest. A
positron is a particle identical to an electron except that its charge is positive. The two particles annihilate each
other, producing photons. Calculate the total energy of the photons.
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P2 Q4 C p2

Continue your response to QUESTION 4 on this page.

Photon Electron Electron
A s -
Before Collision After Collision
(Photon not shown)

(¢) A photon approaches an electron at rest, as shown above on the left, and collides elastically with the
electron. After the collision, the electron moves toward the top of the page and to the right, as shown above on
the right, at a known speed and angle. In a coherent, paragraph-length response, indicate a possible direction
for the photon that exists after the collision and its frequency compared to that of the original photon. Describe
the application of physics principles that can be used to determine the direction of motion and frequency of the
photon that exists after the collision.
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AP® Physics 2 2021 Scoring Commentary

Question 4

Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.
Overview

Responses to this question were expected to demonstrate that changes that occur as a result of interactions are
constrained by conservation laws. They were also expected to demonstrate that photons can exhibit particle
properties and that material particles can exhibit wave properties. Responses to this question were also expected
to demonstrate that mass is part of the energy of a system. They were also expected to make predictions about
the internal energy of a system and how that might change. They were also expected to use conservation laws to
make predictions about how a system might change and how those changes would manifest in the system.

Sample: P2Q4 A
Score: 9

Part (a) earned 2 points. One point was earned for obtaining the correct relationship between electron
wavelength and speed, and 1 point was earned for correctly substituting values. Part (b) earned two points.
One point was earned for using E=mc? to convert mass to energy, and 1 point was earned for including the
equivalent energy of both particles and correct substitutions. No points were earned for not including the
kinetic energy of the electron. Part (c) earned 5 points. One point was earned for indicating that the photon has
a component of momentum (or velocity) toward the bottom of the page. One point was earned for indicating
that momentum must be conserved in both the horizontal and vertical directions. One point was earned for
indicating that energy is conserved. One point was earned for indicating that the new photon has less energy,
so it has a lower frequency. One point was earned for writing a response that follows the guidelines described
in the published requirements for the paragraph-length response.

Sample: P2 Q4 B
Score: 6

Part (a) earned 2 points. One point was earned for obtaining the correct relationship between electron
wavelength and speed. One point was earned for correctly substituting values. Part (b) earned no points. There
is no attempt at conversion of mass to energy, no mention of the kinetic energy of the electron, and the
equivalent energy of both particles is not included. Part (c) earned 4 points. One point was earned for
indicating that the photon has a component of momentum (or velocity) toward the bottom of the page. One
point was earned for indicating that energy is conserved. One point was earned for indicating that the new
photon has less energy, so it has a lower frequency. One point was earned for writing a response that follows
the guidelines described in the published requirements for the paragraph-length response. There is no
indication that momentum must be conserved in both the horizontal and vertical directions. Only the vertical
direction is mentioned.
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AP® Physics 2 2021 Scoring Commentary

Question 4 (continued)

Sample: P2 Q4 C
Score: 3

Part (a) earned no points. There is no correct relationship between electron wavelength and speed, and there
are no correctly substituted values. Part (b) earned no points. There is no conversion of mass to energy, there
is no mention of the kinetic energy of the electron, and the equivalent energy of both particles is not included.
Part (c) earned 3 points. There is no indication that the photon has a component of momentum (or velocity)
toward the bottom of the page, and there is no indication that momentum must be conserved in both the
horizontal and vertical directions. One point was earned for indicating that energy is conserved. One point was
earned for indicating that the new photon has less energy, so it has a lower frequency. One point was earned
for writing a response that follows the guidelines described in the published requirements for the paragraph-
length response.
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