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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 

from the normal that is less than iθ  
1 point 

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

1 point 

 Example Response 
 

 
 

 

 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 v
fλ = .  

 

 Total for part (b) 1 point 

(c)(i) For a correct application of Snell’s law for two media boundaries 
 
Scoring Note: If a test taker correctly applies Snell’s law for air and the bottom layer, this 
point can be earned.  
 
Example Response 
 

1 a
4

b
sin sin i

n
nθ θ−  =  

 
 OR a

4
b

sin sin i
n
nθ θ=   

  

1 point 
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 Example Solution 
 

1 1 2 2

a w 2 m 3 b 4

a b 4

a
4

b

1 a
4

b

sin sin
sin sin sin sin

sin sin

sin sin

sin sin

i

i

i

i

n n
n n n n

n n
n
n

n
n

θ θ
θ θ θ θ

θ θ

θ θ

θ θ−

=
= = =

=

=

 =  
 

  

 

 

(c)(ii) For indicating that 4θ  alone is the smallest angle 1 point 
 For indicating that 2θ  alone is the largest angle 1 point 
 For indicating that 1 3θ θ=  1 point 
 For an explanation that correctly relates the index of refraction to an angle 1 point 
 Example Response 

 
    2     1θ          1     2θ          2     3θ          3     4θ  
 

2θ  has the greatest value because water has the lowest index of refraction. 1θ  and 3θ  are 
equal because each is in the same layer with the same index of refraction, but the angles are 
smaller than 2θ  because the index of refraction is larger in this layer. 4θ  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 Ad  and Bd  are less than wd , with an attempt at a relevant explanation 1 point 

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

1 point 

  Example Response 
 
Horizontal distances Ad  and Bd  are less than wd . 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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Queltlon1 

Continue your to QUE8TION 1 on thla page. 

Normal 
I 

I 

I 

(JI I 

Model A Model 8 

r1 ... ) V1 W )V\- Figure 2 

Supr ia then added to the watec, resuldna � • mixture that bu a dlifcnmt indCl:l of refnicdon than water. 
A student comiden two models. Model A llld Mqdel B, fer bow the su.aar mixes with water. Tbo model, uc 
ahowninF'ipn,2. 

Model A: The supr ia umformly mixed throqbbut the water, re8llltiq in a milture with index ofrefr'ac:tlon "m 
such that "m > "w· 

. ' 
Model B: Laycn an fmnc:d of 'YU)'Ull mitzldiom of supr in tbo water. There uc thn,e distinct layen of 
equal volume. The top )ayer ts only water (iade:l of rdrlctioo n,,). The middle layer bu tbe same coaceatrldioD 
of supr u tflig mixtwe 1n Model A (indm of tefrlctiQn "

m
>· The boaom layer bu the highest ccormtratioo of 

sugar (lDdm of mnction "1,) 

(b) Consider Model A. Briefly delcnl>e bow the obtcned wavelqth of light cbangea, if at all, u d»beam 
travcla from air into the mixture. 

its �f'\.t el\Ae� tt,e Mfrfltt, t\ie ,tmwe� �vd�tti dttrti,er .
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QUNtlon 1 

Continue your re8ponae to QUESTION 1 on this page. 

Normal 

Original Tonk 

Nonna! Nonnal 

ModelA Model B 

For the original tank filled with water. the beam ia observed to mt the audace of the water a bodzoatal 
distance d., from the enuy point. For modelJ A and B, the borlzaatal diatancea are dA and da, rcapecUvely. 

(d) Determine whether dA and "9 are each great« than. less than. or equal to d.,
. It ia NOi' necessary to

compare dA to "9. Briefly justify your amwer. 

(rwpu1tta �,, aMd �"'' d4 i} lt'S1\\•� d..a. Bf(4'L($"f rlw <'. Y1rtJ 1 ,.n,olt.of

ye��� 1"1 �AteY ,3 t-r,u -t\,,11,,1 �Af" '"' .....J.J ,. • � � °'�I• iit14' ;te,refff, 
A 

h, ... ,.,� J,)tAt\,t t) ,�(( 
I 

J .., ) J,, . ,f� •"4 
mi��� 

d r, i3 MSo (e{J -f\14� dw. Wl-n1e. b� Cl�tltS of rt-�� ,'1 � Kt t',t,

$11WMf 1 ,� �•ltl S 1 •f t'\-t 1,c,i.., Wf/l ,,tfottd u, .. ,.J! w,tt., t..1,i..v- t\.NU<j 

-� ,e�'I\Jl',t-\ I -t\,t u,,,,, •f H�"e,t,'1\,1 rt,�f. 'ThHtf<f I "'-4t "-�alt of rtfft�

wti,., .. � -r\it r,,l'(yl(" ,1 l«H � w(.(1, tte�� i'-l ,. Sh\""I� d 8 .

UnaulhorlDd �Of� of 1111 P101 II llegal. GO ON TO THE NEXT PAGE. 

UM a� o, a Pl"' Wlth\leck or da,tc ti,ue·lhk. Do'NOr wtM your name. Do NOT' wrtt. � the box. 
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Continue your response to QUESTION 1 on this page. 

Normal Normal 
I 

I 

I 

8; I 

Model A 

I 
I 
I 

e, I 

Figure 2 

ModelB 

Sugar ii then added to die water. iaultiDg in a mixture that bu a different index of refrlceion thin water. 
A ltUdem coosidm two modela. Model A aadModel B, fur haw the sugar mixa with war.er. 1bD modela m 
ahowninFi,me2. 

Model A: The qar ii uniformly mixed throughout the water, resulting in a mixture with index of refradion nm

such that nm > n
.,

.

Model B: Layers are formed of varying ooncentrationa of sugar in the water. There an, three diatiDct layers of 
equal volume. The top layer it only waa (index of refraction ny

). The middle layer bu the same coocentntion 
of sugar u the mixture bl Model A (index of refnction nm>· The boctom layer bu the bipeat concentration of 
sugar (index of mnction 11t,). 

(b) Consider Model A. Briefly delcrlbe bow the obaervcd waveleqtb of light cbanga. if at all. u the beam
travels from air into the mixture.

ft,...t � fr""- vc.\ � 
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lJnal1hoftDd copy'1g or,__ olJt:111 page II lllgll. 
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QUNtlon 1 

Continue your response to QUEST10N 1 on this 'page. 

Nonnal 

Normal 

Model A 

Original Tank 

Nonnal 
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91 I 

Model B 

For the original tank filled with wata, the beam ia obeelYed to exit the sumce of the wm:r a borizoatll
distance d

.., from the entry point. For model.a A and B, the borizomal distancea me ct,. and d8, respectively. 

(d) Determine wbetbtz dA and els are each pater than, leas than,« equal to d
..,

. It ia NOi' MCNSl,Y to
oompan, dA to els· Briefly justify your mawa.
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Qu18tlon 1 

Continue your response to QUESTION 1 on this page. 

Nomtal 
i 
I 

I 

6, '

Model A 

Nonna! 
I 

I 

I 

6/ I 

Figure 2 

Model B 

Sup:r ia then added to the water, resultina in a mixture that bas a diffa'eot index of refraction than water. 

A student considers two models, Model A and Model B, foe how the supr mixes with water. The modell are 

shown in Fiauze 2. 

Model A: The supr ia uniformly mixed tbrouJbout the water, resulting in • mixture with index of refraction "m 

such that "m > "•· 

Model B: Layers are formed of vuying concentrations of sugar in the water. 1bete are three distinct layers of 

equal volume. Tho top layer ia only water (index of refraction n.). The middle layer bu the same ccaccntndion 

of supr u tbc mixture in Model A (index of refraction nm)- The bottom layer has the higbe$t conc:entnaon of 

1Upr (index of refnction nb). 

(b) Consider Model A. Briefly deacn'be bow the oblervcd wavelength of light ch.angea, if at all. u the beam 

travel.a flom air into the mixture. 

,ne UJC1'te\eN3� �' \\ c\rio.n�e wne<) qci(KJ 
�ON\ °''r -\-() -fne rY\\�\\}(e • 1YJe �Ve-\er-s� 
w \ \\ H',<:{eo.._se, -lt.\� 15 be�� -+he 119ht
w \ \\ �\Se-\ S\ouje-c ·1 C'\ �e fY\ it �\Ir� C' (ff.(,½m
o �\\e, Preq__uM cy 1 1ncveostn3 wave{MX)ffi.

UtwllholtDd 00PVtlQ or ,._ of 1hla page le Illegal. GO ON TO THE NEXT PAGE. 
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Question 1 

Continue your response to QUESTION 1 on this page. 

Normal 
I 
I 
I 

9/ I 

...... � 

Model A 

I 
I 
I 

Original Thnk 

Normal 

Model 8 

Par the oriltn&} tint filled with water, the beam ii oblerved to exit the surface of the water a horu:omal 
distance dw 

from the eDtty point. F« modela A and B, the horizontal distance, are dA and da, respec:tively. 

(d) Deternrine whether dA and d8 are each greater than. leu than, or equal to d
.,,

. It is Nor necessary to 
compare dA to da. Briefly juatify your answer.

�" ood di ace" ��CA.\ -}o dw - �c

. +he- a,s-\Q()('f' doe-s no� charx:,P hi 1-
0A-- -\he Sfleec/ -fhe (, 9 h J- -fro.. v�I s dces. ..
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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: 
• Relate the refraction of light passing from one medium to another to the indices of refraction of the two 

media. 
• Relate the index of refraction of a medium and the wavelength of the light in the medium. 
• Use Snell’s law at an interface between two optical media, including demonstrating an understanding of 

the correct normal line. 
• Apply Snell’s law for multiple sequential interfaces between optical media and rank the resulting angles 

of refraction at each interface. 
• 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 iθ . 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 4θ  as the smallest angle. The third point was 
earned for correctly ranking 2θ  as the largest angle. The fourth point was earned for correctly indicating that 1θ  and 

3θ  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 Ad  and Bd  will be less 
than Wd . 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. 
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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 iθ . 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 4θ  as the smallest 
angle. The third point was not earned because the response does not rank 2θ  as the largest angle. The fourth point 
was not earned because the response does not indicate that 1θ  and 3θ  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 Ad  and Bd  will be less than Wd . 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 iθ . 
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 4θ , iθ , an  and bn  that could only be arrived 
at by applying Snell’s law at multiple surfaces. The second point was earned for correctly ranking 4θ  as the smallest 
angle. The third point was not earned because the response does not rank 2θ  as the largest angle. The fourth point 
was not earned because the response does not indicate that 1θ  and 3θ  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 Ad  and Bd  are greater than Wd , and the explanation does not involve refraction. 
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