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Question 1: Mathematical Routines (MR) 10 points 

A (i) For indicating that the magnetic field is directed into the page in Figure 2 Point A1 

For indicating one of the following: Point A2 
• The magnetic force is directed in the + y -direction in Figure 3.
• If the direction is out of the page in Figure 2, the magnetic force is directed in

the −y -direction in Figure 3.

Example Response 

(ii) 
For a multistep derivation that includes 0

2B I
r

µ
π

= , 0F =∑


, an equation that is 

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

Point A3 

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

For a correct expression for the magnitude of the magnetic field due to the current in Point A4 

Wire 2 along Wire 1 (e.g., 
µB 0I

2 = 2πd ) 

For a substitution of 2I  for a current term in one of the following expressions: Point A5 
• The magnitude of the magnetic field due to the current in Wire 3 along Wire 1

(e.g., 0

3

(2 )
2

I
d

µ
π )

• The magnitude of the magnetic force exerted on Wire 1 due to the current in

Wire 3 (e.g., 
µI 0 (2I )

 2πd3
)

For equating the magnitudes of the magnetic fields from or the force per unit length 
exerted by the currents in wires 2 and 3 along Wire 1, consistent with point A5  

(e.g., 0
2

I
d

µ0I (2 )
=2πd 3

µ
π ) 

Point A6 

For a correct expression for 3y  (e.g., 3 2y d= ) Point A7 

Scoring Note: A correct, isolated, final expression earns points A4, A5, A6, and A7. 
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Example Response 

0
2B I

r
µ
π

=

0
2 2

IB d
µ
π

=

0
3

3

(2 )
2

IB d
µ
π

=

B2 = B

0 0

3

(2 )
2 2

I I
d d

µ µ
π π

=

3

3 2dd =

3 2y d= −

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

• The direction of the magnetic field due to the currents in wires 1 and 2 is into
the page inside the loop.

• The magnetic flux through the loop due to the currents in wires 1 and 2 is into
the page.

For correctly relating the change in the absolute value of the magnetic flux to the 
direction of the induced magnetic field produced by the induced current in the loop 

Point B3 

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

Example Response 

Clockwise. The magnetic field from wires 1 and 2 is directed into the page within the 
loop, and the absolute value of the magnetic flux through the loop decreases as the loop 
moves away from the wires. This means that the induced magnetic field produced by the 
induced current in the loop must also be into the page. 
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Question 2: Translation Between Representations (TBR) 12 points 
 
A  For drawing an appropriately labeled arrow downward to represent the direction of the 

force gF  of gravity that is exerted on the piston 
Point A1 

  For drawing an appropriately labeled arrow downward to represent the direction of the 
force atmF  of the atmosphere that is exerted on the piston 

Point A2 

  For drawing an appropriately labeled arrow upward to represent the direction of the 
force Fgas  of the gas that is exerted on the piston 

Point A3 

  Example Response 

 

 

B  For a multistep derivation that includes 


3U = nRT2 , 3
2 BU Nk T= , PV nRT= , 

BPV Nk T= , 

net

sys
sys sys

F Fa m m= =∑ , 0F =∑


, FP A
⊥= , an equation that is equivalent 

to one of the equations listed, or a relevant equation 

Point B1 

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

  For correctly relating the internal energy of the gas to PV = nRT  or BPV Nk T=  

(e.g., 3
2U PV= ) 

Point B2 

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

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

MgP P= atm + A ). 

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

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

for the pressure P of the gas that is derived for point B3 (e.g., 3  Mg U P= 2 atm + V
 A  0 ) 

Point B4 

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

 ∑F
 

Fa net
sys = =m msys sys

0FΣ =

FP A
⊥=

atm 0gPA P A F− − =

atm 0PA P A Mg− − =

atm 0P P A− − =Mg

atm
MgP P A= +

3
2U nRT=

PV = nRT

3
2 VU P=

0atm
3
2

MgU P VA
 = + 
 



 

 

 

C  For drawing a line or curve that connects a point in the lower right region of the 
diagram to the upper left region of the diagram 

Point C1 

  For drawing a curve that is concave up Point C2 

  For drawing an arrow that points from a greater to a lesser volume or from a lesser to a 
greater pressure 

Point C3 

  Example Response 
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D  For indicating 0newT T>  or an indication that is consistent with incorrect features of the 
diagram in part A, an incorrect derivation in part B, or incorrect features of the graph in 
part C 

Point D1 

  For one of the following:  Point D2 
• A correct justification that indicates that the pressure of the gas has increased 

for the same volume using features of the diagram in part A, the derivation in 
part B, or features of the graph in part C 

• A correct justification that indicates that the volume of the gas has increased for 
the same pressure using features of the diagram in part A, the derivation in part 
B, or features of the graph in part C 

• A justification that is consistent with incorrect features of the diagram in  
part A, an incorrect derivation in part B, or incorrect features of the graph in 
part C 

Scoring Notes:  
• If the justification is consistent with incorrect features of the diagram in part A, 

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

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

• If the justification is not consistent with incorrect features of the diagram in  
part A, an incorrect derivation in part B, or incorrect features of the graph in 
part C, but T Tnew > 0  is selected, only point D1 is earned. 

  Example Responses 

Using the representation from part A if the response considers the volume of the gas at 
time 0t  and the final volume of the gas after the process described in part D 

• For the piston to remain in equilibrium, the increase in weight from the block 
would require a greater force, and, therefore, pressure, from the gas on the 
piston. Because the two volumes are equal, a greater pressure will correspond 
to a greater temperature. Therefore, T Tnew > 0 . 

 
Using the representation from part B 

• According to the derivation in part B, if volume increases while pressure 
remains constant, the internal energy of the gas increases, and, therefore, the 
temperature will increase. Therefore, T Tnew > 0 . 

• According to the derivation in part B, the added mass on the piston when the 
volume is back to the original volume increases the internal energy of the gas. 
Thus, the temperature increases. Therefore, T Tnew > 0 . 

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

• Looking at the graph, if the volume is increased at constant pressure, from the 
end of the curve that I drew, the product of pressure and volume, and therefore, 
temperature, will be greater at the end of this process than at the beginning. 
Therefore, new > 0T T . 
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Using the representation from part C if the response considers the volume of the gas at 
time t0  and the final volume of the gas after the process described in part D 

• According to the graph in part C, the pressure of the gas at the end of the 
process in part C is greater than that at the beginning of the process. For the 
gas to occupy the original volume (at time t0 ), the final gas pressure must be 
greater than the original gas pressure. Therefore, T Tnew > 0 . 

• According to the graph in part C, if the pressure is increased by the added 
block, and the volume is the same from the beginning of the curve that I drew, 
the product of pressure and volume, and, therefore, temperature, will be 
greater at the end of this process than at the beginning. Therefore, T Tnew > 0 . 
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Question 3: Experimental Design and Analysis (LAB) 10 points 
 
A  For a procedure that includes both of the following measurements: Point A1 

• The dimensions of the capacitor 
• A current 

  For a procedure that indicates an appropriate method of reducing experimental 
uncertainty (e.g., Repeat the procedure multiple times.) 

Point A2 

  Example Responses 

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

 

B  For indicating that τ = R Ceq eq  can be used to calculate τ  Point B1 

  For both of the following: Point B2 
• A correct relationship between resistance, the emf of the battery, and current  

(e.g., Req = I ) 

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

the distance between the capacitor plates (e.g., eq 0
AC dε= ) 

  Example Responses 

eq eqR Cτ =  can be used to determine τ . eqR  can be determined by using eqR I=  , 

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

eqC  can be determined by using eq 0
AC dε= , where d is the distance between the 

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

eq eqR Cτ =  can be used to determine τ . eqR  can be determined by using eqR I=  , 

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

the battery and the capacitor. eqC  can be determined by using eq 0
AC dε= , where d is 

the distance between the capacitor plates and A is the square of the length of a 
capacitor plate. 
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C (i) For indicating appropriate quantities that can be plotted to produce a linear graph to 
determine C 
 

Point C1 

  

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

Example Responses 
 
q  as a function of V∆  
 

V∆  as a function of q  
 
1
q  as a function of 1

V∆  

 
1
V∆  as a function of 1

q  

 

 (ii) For labeling the axes (including units) with a linear scale  Point C2 

  For correctly plotting the data points, consistent with one of the following: Point C3 
• The quantities indicated in part C (i) 
• The quantities provided in the table 
• The axes indicated in point C2 

 (iii) For drawing a line or curve that approximates the trend of the plotted data Point C4 

  Example Response 
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D  For correctly relating the slope of the straight line graph to q C V= ∆  or a correct 
equation that is consistent with an appropriate graph that can be used to determine C 

(e.g., q
V∆∆

∆ = slope = C ) 

Point D1 

 

  Example Responses 

The slope of q  as a function of V∆  is C. 
 

The slope of V∆  as a function of q is 1
C . 

 

The slope of 1
q  as a function of 1

V∆  is 1
C . 

 

The slope of 1
∆V  as a function of 1

q   is C. 

 

  For a value for C that is approximately equal to 8 ×10−11 F , within the range 
11 117 10 F 9 10 FC− −× ≤ ≤ ×  

  

Point D2 

Scoring Notes: 
• If the slope of the plotted data points is equal to the quantity that is supposed to 

be determined, a correct, isolated final value earns points D1 and D2. 
• If the slope of the plotted data points is not equal to the quantity that is 

supposed to be determined, a correct, isolated final value earns point D2 only. 

  Example Response 

slope = q
V∆

∆
∆

10 10(6.4 10 C) (2.0 10 C)
8.0 V 2.4V

q
V

− −× − ×∆ =
∆ −∆

11 C7.9 10 V
q
V

−∆ = ×
∆∆

QC V=
∆

q C V= ∆

slope = C
C ≈ 8 ×10−11 F
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Question 4: Qualitative Quantitative Translation (QQT) 8 points 
 
A  For indicating one of the following: Point A1 

• The claim is correct if a justification is not provided. 
• An indication about the claim that is consistent with the justification provided. 

  For a correct comparison of one of the following: Point A2 
• The wavelength of violet light is shorter than the wavelength of red light. 
• The frequency of violet light is greater than the frequency of red light. 

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

Point A3 

  Example Response 

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

 

B  
For a multistep derivation that includes  yd mmax

  ≈ λ
 L , d sinθ = λm , ∆D m= λ , 

∆D d= sinθ , maxyD d L
 ∆ ≈  
 

, d maxsin yd Lθ  ≈  
 

, maxsin y
Lθ  ≈  

 
,  

 ytanθ ≈ max 
 
 L 

, max
Lθ  ≈  

 
y , an equation that is equivalent to one of the equations 

listed, or a relevant equation 

Point B1 

  
For a substitution of 

c
f  for λ  

Point B2 

  For correctly relating ymax  to the orders of bands A and B 

(e.g., 2( )max, 2 max, 0
( )2 2 cLy dy f

 − =  
 

) 

Point B3 

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

    

maxyd mL λ  ≈ 
 

c
fλ =

maxyd mL
c
f

  = 
 

am x
mcLy fd=

( )max, 2 max, 02 yy y∆ = −

(2)2 cL
fdy∆ =  

 


4cL
fdy =∆

  

 

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

Point C1 

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

Point C2 

  Example Response 

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

greater frequency than red light. Because 4cL∆y = fd , a greater frequency for violet 

light results in a shorter distance between bright bands. 
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Question 1: Paragraph-Length Response 10 points 

(a) For indicating that Bf  is least and Cf  is greatest 1 point 

For correctly relating the frequency of a photon to the energy of the photon 1 point 

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

1 point 

For indicating one of the following: 

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

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

1 point 

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

1 point 

Example Response 

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

Total for part (a) 5 points 
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(b) For one of the following:

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

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

1 point 

Example Responses 

e
h

mvλ =

OR 

2

2
pK m=

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

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

1 point 

Example Responses 

21
2 e

hK m mλ
 =  
 

   OR   

2

2
e

h

K m
λ

 
 
 =

For a correct answer with units 1 point 

Example Response 

195 10  JK −= ×

Example Solution 

( )
( )( )

2
2

2

2

234
19

231 10

1 1
2 2

2

6.63 10
5 10  J

2 9.11 10 1

J s

kg 0 m6.9

e

e

e

e

h h
p mv
hv m

hK mv m m

hK
m

K

λ

λ

λ

λ
−

−

− −

= =

=

 = =  
 

=

×
= = ×

× ×

⋅

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

Total for part (b) 3 points 
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(c) For indicating that the work function of Metal 1 is less than the work function of Metal 2
with an attempt at a relevant justification

1 point 

For indicating at least two of the following: 

• The correct relationship between the work function and the difference between hf and

maxK

• The frequency or energy of the incident photons is the same

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

1 point 

Example Response 

The work function of Metal 1 is less than the work function of Metal 2 . When light of the 
same frequency is incident on both metals, the electron ejected by Metal 1 has a smaller  
de Broglie wavelength than that of Metal 2 , so an electron ejected from Metal 1 has more 
kinetic energy. The work function is the difference between the photon energy and the 
maximum kinetic energy. Since the photon energy is the same but the maximum kinetic 
energy is larger for Metal 1, the difference between the energies, and thus the work function, 
is smaller for Metal 1. 

Total for part (c) 2 points 

Total for question 1 10 points 
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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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