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AP® Physics 2: Algebra-Based 2023 Scoring Guidelines

Question 1: Short Answer 10 points
(a) For drawing a straight-line path from the entry point to the bottom of the tank with an angle 1 point
from the normal that is less than 6,
For drawing a continuous path that is symmetric about a vertical axis that intersects the mirror 1 point
at the location where the beam of light is incident upon the mirror
Example Response
Normal
I
0, |
\G / ny,
!
nW
Total for part (a) 2 points
(b) For indicating that the wavelength of light decreases without any incorrect statements 1 point
Example Response
As light travels from one medium to a medium that has a higher index of refraction, the speed
of light decreases and the frequency of the light remains the same. Therefore, the wavelength
of the light decreases, as described by the equation A = %
Total for part (b) 1 point
(c)(i) For a correct application of Snell’s law for two media boundaries 1 point

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

Example Response

0, = sin_l(n—asinHiJ OR sin6, = —2sin6,

Ny, ny,
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AP® Physics 2: Algebra-Based 2023 Scoring Guidelines

Example Solution

m sin@, = n,sin6,

n,sing; = ny, sind, = n,, sin6; = ny, sinb,

n, sin@, = nysin6,

. n, .
sing, = —*sind,

My
6, =sin™' (n—asinHi]
My

(¢)(ii) For indicating that 6, alone is the smallest angle 1 point

For indicating that @, alone is the largest angle 1 point

For indicating that 6, = 6, 1 point

For an explanation that correctly relates the index of refraction to an angle 1 point

Example Response

26 1 6 2 6 3 6,

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

equal because each is in the same layer with the same index of refraction, but the angles are

smaller than 6, because the index of refraction is larger in this layer. 6, has the smallest

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

Total for part (c) 5 points

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

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

refraction toward the normal

Example Response

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

entering from air. However, in models A and B, the light rays enter a medium with an index

of refraction that is greater than that of water. Therefore, the light rays bend more toward the

normal in models A and B than in the original tank. Bending more toward the normal results

in a shorter horizontal distance traveled.

Total for part (d) 2 points

Total for question 1 10 points
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(] Question 1

Continue your response to QUESTION 1 on this page.

o U ¥

Normal Normal

6,

Model A Model B
N> w Na Figure 2

Sugar is then added to the waler, resulting in a mixture that has a different index of refraction than water.
A student considers two models, Model A aad Model B, for how the sugar mixes with water. The models are

shown in Figure 2.

Model A: The sugar is uniformly mixed throughout the water, resulting in a mixtmre with index of refraction n gy,
suchb that ny > n,.

Model B: Layers are farmed of varying concentrations of sugar in the water. Thero are three distinct layers of
equal volume. The top layer is onty water (index of refraction ny,). The middle layer has the same concentration
of sugar as the arixture in Model A (index of refractian n, ). The bottom layer has the highest concentration of
sugar (index of refraction ny,):

(b) Consider Model A. Briefly describe how the obsarved wavelength of light changes, if at all, as thebeam
travels from air into the mixture.

s kgnt enters the miixhr(, the obsuwed vavelwtgth decreases .
Because Vw1 1avgev than Na, Navelength M the mirtre 3

smallty than that i av S Fequendy remaing omiang,
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.

Question 1

Continue your reapanss to QUESTION 1 on this page.

Nommal
' Nasin6; = Vg 8m 6y

o

Normal V\H i V‘M Normal

o | Bu>Bm , 9

Model A Model B

For the original tank filled with water, the beam is observed to exit the surface of the water a horizoutal
distance d,, from the entry point. For models A and B, the boriaontal distances are dy and dj, respectively.

(d) Determine whether dy and dp are each greater than, less than, or equal to d,. It is NOT necessary to
compare dj, to dp. Briefly justify your answer.

Crwparing df and dw, dp 3 less than dw. Beaause Ny<rim , angleof

Yefadim M HATEr 3 (e thain That M medel A 5 e awg;lf1 and therefre,

hotzmbd dafance 0 Inger, dw > da. of refodrn and
refiedwh o mavey”

dg 3 also [e§5 than dw. Rhile beth angles of refagm v ~ate wo +he
same, m Model B, af the beam enbey dTftrent tiguids with highe mJacS

of cefrachny | the amles of vefmohng veduce. Therefre, ot Angle of reffeumn
when bitthy) the w3 (ecs as Wl oD e Smefle dg .

muthodudoovm?r_mdﬂ- page is itegal. Page 5 GO ON TO THE NEXT PAGE.
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Question 1

Continue your response to QUESTION 1 on this page.

Nor_mal No::mal
: |

]
]

6,

Model A Model B

Figure 2

Sugar is then added to the water, resulting in a mixture that has a different index of refraction than water.

A student considers two models, Model A and Mode! B, for how the sugar mixes with water. The models are
shown in Figure 2.

Model A: The sugar is uniformly mixed throughout the water, resulting in a mixture with index of refraction np,
such that ny, > ny,.

Model B: Layers are formed of varying concentrations of sugar in the water. There are three distinct layers of
equal volume. The top layer is only water (index of refraction ng). The middle layer has the same cuncentration
of sugar as the mixture in Model A (index of refraction np,). The bottom layer has the highest concentration of
sugar (index of refraction a,,).

(b) Consider Model A. Briefly descxribe how the observed wavelength of light changes, if at all, as the beam
travels from air into the mixture.

As flne W -h’avdﬁ from ar nte the mixtore,

Magnifude Of
fhe TGt }

Tie uuctvc(fyyhﬂ\ AwATcEts <o Chuys The Lanne

T
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Question 1

Continue your response

Normal

to QUESTION 1 on this page.

Normal

Model A

distance d, from the entry point. For models A and

campare dy to dp. Briefly justify your answer.

For the original tank filled with water, the beam is obsearved to exit the surface of the water a horizoatal

(d) Determine whether dy and dp are cach greater than, less than, or equal to dy,. It is NOT necessary to

é A € ‘{55 *M J o d b(,(_u“ S <
oA ] )
50 ta AA e Aited oth § ol Shunc €
T}M&p A Mé B e /d/'\‘ h'waj or
,. . j/m*’(/ e nd Jevtev Trnder

Q@ irarore 5 ¢ eq vl +o e K s J

C‘J% ,’¢ff»4,+1.o"\'-j p )‘U 7‘1.-(2 dh,le A ec [ p

[e«itaj o Sn etk Fvia\f‘ A AAoser e

He ey flaint,

Unausartzad 00pying of reuse of this page e Begal Page 5 GO ON TO THE NEXT PAGE.

Model B

B, the harizontal distances are d, and dp, respectively.
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Question 1

P2 Q1 Sample 1C Page 2 of 4

Continue your response to QUESTION 1 on this page.

Noqml

Model A Model B
Figure 2

Sugar is then added to the water, resulting in a mixture that has a different index of refraction than water.
A studeot considers two models, Model A and Model B, for how the sugar mixes with water. The models are
shown in Figure 2.

Model A: The sugar is uniformly mixed throughout the water, resulting in a mixture with index of refraction np,
such that ny > n,.

Model B: Layers are formed of varying concentrations of sugar in the water. There are three distinct layers of
equal volume. The top layer is only water (index of refraction 7). The middle layer has the same concentration
of sugar as the mixtare in Model A (index of refraction 7., ). The bottom layer has the highest concentration of
sugar (index of refraction ).

(b) Consider Model A. Briefly describe how the observed wavelength of light changes, if at all, as the beam
travels from air into the mixture.

Tre  wovelengtn will - dnange  wnen \?m
Beomn e 40 4ne mixde . Toe waene ua
W\ nedease, s 1S becawse dne  hight
Wil deaney  Siowed 10y 4ne mixtuce CEH
o valler  Prequency ; N(reosSing Waveleng it

Urmmwmormuup.gmw. Page 3 GO ON TO THE NEXT PAGE.
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@ Question 1

Continue your response to QUESTION 1 on this page.

Nor.mnl
[}

|
6.

Model A Model B

For the original tank filled with water, the beam is observed to exit the surface of the water a horizontal
distance d,, from the entry point. For modeis A and B, the horizontal distances are d, and dp, respectively.

(d) Determine whether d, and dp are each greater than, less than, or equal 10 d,. It is NOT necessary to
cumpare d, to dp. Briefly justify your answer.

’AA ond o\g a® egqual 4o dw . fot

the  distance dees not change but
or e Sycrd ~+he hgh# +ravéls does.
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AP® Physics 2: Algebra-Based 2023 Scoring Commentary

Question 1
Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.
Overview

The responses were expected to demonstrate the ability to:
e Relate the refraction of light passing from one medium to another to the indices of refraction of the two
media.
e Relate the index of refraction of a medium and the wavelength of the light in the medium.

e Use Snell’s law at an interface between two optical media, including demonstrating an understanding of
the correct normal line.

e Apply Snell’s law for multiple sequential interfaces between optical media and rank the resulting angles
of refraction at each interface.

e Predict path changes for a beam of light entering and exiting a tank filled with layers of liquids of varying
indices of refraction.

Sample: 1A
Score: 10

Part (a) earned 2 points. The first point was earned for showing a straight-line path from the point of entry into the
water toward the mirror with an angle of refraction that is less than &,. The second point was earned for showing

that the total path is symmetric about a vertical line through the reflection point. Part (b) earned 1 point for stating
that the wavelength of the light in the sugar-water mixture decreases compared to the wavelength of the light in air,
with no incorrect statements. Part (c) earned 5 points. The first point was earned for correctly applying Snell’s law at

multiple surfaces. The second point was earned for correctly ranking 6, as the smallest angle. The third point was
earned for correctly ranking &, as the largest angle. The fourth point was earned for correctly indicating that 6, and
0 are equal. The fifth point was earned for correctly relating a greater index of refraction to a smaller angle of
refraction. Part (d) earned 2 points. The first point was earned for correctly stating that both d, and dy will be less
than dy; . The second point was earned for correctly connecting greater refraction toward the normal to shorter
horizontal distances between the light beam’s entry and exit points.

© 2023 College Board.
Visit College Board on the web: collegeboard.org.



AP® Physics 2: Algebra-Based 2023 Scoring Commentary

Question 1 (continued)

Sample: 1B
Score: 7

Part (a) earned 2 points. The first point was earned for correctly showing a straight-line path from the point of entry
into the water to the mirror with an angle of refraction that is less than .. The second point was earned for showing

that the total path is reasonably symmetric about a vertical line through the reflection point. Part (b) earned no points
because the response incorrectly states that the wavelength stays the same in the new substance. Part (c) earned |

3 points. The first point was earned for correctly relating the indexes of refraction and angles of refraction for the top
and bottom layers. This relationship cannot be arrived at without correctly applying Snell’s law at multiple surfaces.
Although it may be unclear in the first line whether the subscript on the first angle is an i or a 1, the rest of the work
makes it clear that the subscript is correct. The second point was earned for correctly ranking 6, as the smallest
angle. The third point was not earned because the response does not rank 6, as the largest angle. The fourth point
was not earned because the response does not indicate that 6, and &; are equal. The fifth point was earned for
correctly relating a higher index of refraction to a smaller angle of refraction. Part (d) earned 2 points. The first point
was earned for correctly stating that both d, and dy will be less than dy; . The second point was earned for

correctly connecting higher indexes of refraction to shorter horizontal distances between the light beam’s entry and
exit points.

Sample: 1C
Score: 3

Part (a) earned 1 point for correctly showing a refracted path in the water with an angle of refraction less than 6..

The second point was not earned because the path does not reflect off the mirror. Part (b) earned no points because
the response incorrectly states that the wavelength will increase in the sugar-water mixture. Part (c) earned 2 points.

The first point was earned for indicating a correct relationship between 6, 6., n, and n, that could only be arrived
at by applying Snell’s law at multiple surfaces. The second point was earned for correctly ranking 6, as the smallest
angle. The third point was not earned because the response does not rank 6, as the largest angle. The fourth point
was not earned because the response does not indicate that 6, and &; are equal. The fifth point was not earned

because, although the explanation does mention both indexes of refraction and both angles, the response does not
link the value of the index of refraction to the value of the angle. Part (d) earned no points because the response

incorrectly states that both d, and dy are greater thandyy , and the explanation does not involve refraction.

© 2023 College Board.
Visit College Board on the web: collegeboard.org.
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