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Reading the mark scheme

m (B1) a mark that stands on its own — the point is either made or not.

m (M1) a method mark: the right approach, even if the number is wrong.

m (A1) an answer mark, and it usually needs its M mark first.

m (C1) a working mark on the way to the answer.

m // separates answers the examiner accepts equally.

m ecf = error carried forward: a later part is marked on your own earlier answer.

m owtte = “or words to that effect” — the wording need not match.
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Question 1

2026 = Q1

Two very long, cylindrical, current-carrying Wires S and T are oriented parallel to the
y-axis, as shown in Figure 1. The centers of the wires are in the xy-plane. The wires
are described as follows.

m Wire S has radius 2a and is centered at x = 0. Wire S has nonuniform current
density and carries total current Iy in the +y-direction. The magnitude of the
current density in Wire S as a function of the radial distance r from the center of
the wire is described by J = Cr, where Cis a positive constant.

m Wire T has radius a and is centered at x = 10a. Wire T has uniform current
density and carries total current Iy in the —y-direction.
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[Figure 1: Cross-section diagram in the xy-plane. Wire S is a shaded cylindrical bar
centered at x = 0 spanning from —2a to 2a, with a y-axis arrow through its center
pointing up (current ly in +y-direction) and a label J = Cr pointing to the wire. Point
P is marked inside Wire S, above the center axis, at horizontal position x = a. Wire T
is a shaded cylindrical bar centered at x = 10a spanning from 9a to 11a, with a
downward arrow through its center (current ly in —y-direction). The x-axis is marked
with gridlines at —2a, 0, 2a, 4a, 6a, 8a, 10a.]

(a)(i) Point P is located inside of Wire S at horizontal position x = a. Derive an
expression for the magnitude of the magnetic field at Point P due only to the current
in Wire S in terms of C, a, and physical constants, as appropriate. Begin your
derivation by writing a fundamental physics principle or an equation from the reference
information.
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(a)(ii) On the axes shown in Figure 2, **sketch** a graph of the magnitude B of the
magnetic field due to the currents in both wires as a function of x along the x-axis in
the region 2a < x < 9a. Sketches made in the shaded region will not be graded.
[Figure 2: A blank graph grid with vertical axis B and horizontal axis x, gridlines
marked at O, 2a, 3a,4a, 5a, 6a,7a,8a,9a. The region from O to 2a is shaded (not to be
used); the region from 2a to 9a is the graded sketch area.]
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Question 1

2026 = Q1

Two very long, cylindrical, current-carrying Wires S and T are oriented parallel to the y-axis, as
shown in Figure 1. The centers of the wires are in the xy-plane. The wires are described as
follows.

m Wire S has radius 2a and is centered at x = 0. Wire S has nonuniform current density and
carries total current Iy in the +y-direction. The magnitude of the current density in Wire
S as a function of the radial distance r from the center of the wire is described by J = Cr,
where Cis a positive constant.

m Wire T has radius a and is centered at x = 10a. Wire T has uniform current density and
carries total current y in the —y-direction.
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[Figure 1: Cross-section diagram in the xy-plane. Wire S is a shaded cylindrical bar centered at
x = 0 spanning from —2a to 2a, with a y-axis arrow through its center pointing up (current Iy
in +y-direction) and a label J = Cr pointing to the wire. Point P is marked inside Wire S,
above the center axis, at horizontal position x = a. Wire T is a shaded cylindrical bar centered
at x = 10a spanning from 9a to 11a, with a downward arrow through its center (current Iy in
—y-direction). The x-axis is marked with gridlines at —2a, 0, 2a, 4a, 6a, 8a, 10a.]

(b) At the instant shown in Figure 3, a small sphere with charge Q is at horizontal
position x = 5a and moving in the xy-plane with speed v in the +x-direction. At this
instant, the net magnetic force exerted on the sphere due to the currents in Wires S
and T has magnitude F.

[Figure 3: Same wire configuration as Figure 1 (Wire S centered at x = 0 with current
lp in +y-direction, Wire T centered at x = 10a with current fy in —y-direction). A
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small circle labeled Q is shown at x = 5a, midway between the wires, with an arrow
labeled v pointing in the +x-direction.]
Derive an expression for F in terms of a, Q, ly, v, and physical constants, as

appropriate. Begin your derivation by writing a fundamental physics principle or an
equation from the reference information.
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2019 Set 1 = Q3

Note: Figures not drawn to scale.

[Figure, left ("Solenoid”): A solenoid of inner radius a and length ¢ with current /
entering, wound with wire, oriented along its axis.]

[Figure, right ("Cutaway View"): A cutaway view of the solenoid showing the
xyz-coordinate system, with the x-axis along the axis of the solenoid, current / shown
entering at the near end, point P at the origin in the middle of the solenoid, and the y-
and z-axes shown perpendicular to the x-axis at P.]

A solenoid is used to generate a magnetic field. The solenoid has an inner radius a,
length £, and N total turns of wire. A power supply, not shown, is connected to the
solenoid and generates current /, as shown in the figure on the left above. The x-axis
runs along the axis of the solenoid, as shown in the cutaway view on the right above.
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Point P is in the middle of the solenoid at the origin of the xyz-coordinate system, as
shown in the cutaway view. Assume £ > a.
(a) Select the correct direction of the magnetic field at point P.

+x-direction ~+y-direction +z-direction -x-direction
-y-direction -z-direction
Justify your selection.
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2019 Set 1 = Q3

Note: Figures not drawn to scale.

[Figure, left ("Solenoid”): A solenoid of inner radius a and length ¢ with current [ entering,
wound with wire, oriented along its axis.]

[Figure, right ("Cutaway View"): A cutaway view of the solenoid showing the xyz-coordinate
system, with the x-axis along the axis of the solenoid, current / shown entering at the near end,
point P at the origin in the middle of the solenoid, and the y- and z-axes shown perpendicular
to the x-axis at P.]

A solenoid is used to generate a magnetic field. The solenoid has an inner radius a, length /,
and N total turns of wire. A power supply, not shown, is connected to the solenoid and
generates current /, as shown in the figure on the left above. The x-axis runs along the axis of
the solenoid, as shown in the cutaway view on the right above. Point P is in the middle of the
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solenoid at the origin of the xyz-coordinate system, as shown in the cutaway view. Assume
> a

(b)(i) On the cutaway view below, clearly draw an Amperian loop that can be used to
determine the magnetic field at point P at the center of the solenoid.

[Figure: Cutaway view of the solenoid with current / entering along the "Axis of
Solenoid” dashed line, and point P marked at the center of the solenoid; blank for the
student to draw an Amperian loop.]

(b)(ii) Use Ampere's law to derive an expression for the magnetic field strength at
point P. Express your answer in terms of /, £, N, a, and physical constants, as
appropriate.

Some physics students conduct an experiment to determine the resistance Rs of a
solenoid with radius a = 0.015 m, total turns NN = 100, and total length ¢ = 0.40 m.
The students connect the solenoid to a variable power supply. A magnetic field sensor
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is used to measure the magnetic field strength along the central axis at the center of
the solenoid. The plot of the magnetic field strength B as a function of the emf £ of
the power supply is shown below.

[Graph: Scatter plot of B (T x 10~%) on the vertical axis, ranging 0 to 3.0 in
increments of 0.5, versus £ (V) on the horizontal axis, ranging 0 to 8 in increments of
2. Data points approximately at: (1.6,0.65), (3.0,1.4), (4.2,1.55), (5.4,2.35),
(6.8,2.85). Grid lines shown throughout; no line drawn yet — student draws a best-fit
line.]
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Note: Figures not drawn to scale.

[Figure, left ("Solenoid”): A solenoid of inner radius a and length ¢ with current [ entering,
wound with wire, oriented along its axis.]

[Figure, right ("Cutaway View"): A cutaway view of the solenoid showing the xyz-coordinate
system, with the x-axis along the axis of the solenoid, current / shown entering at the near end,
point P at the origin in the middle of the solenoid, and the y- and z-axes shown perpendicular
to the x-axis at P.]

A solenoid is used to generate a magnetic field. The solenoid has an inner radius a, length /,
and N total turns of wire. A power supply, not shown, is connected to the solenoid and
generates current /, as shown in the figure on the left above. The x-axis runs along the axis of
the solenoid, as shown in the cutaway view on the right above. Point P is in the middle of the
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solenoid at the origin of the xyz-coordinate system, as shown in the cutaway view. Assume
> a.
(c)(i) On the graph above, draw a best-fit line for the data.

(c)(ii) Use the straight line to determine the resistance Rs of the solenoid used in the
experiment.
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Note: Figures not drawn to scale.

[Figure, left ("Solenoid”): A solenoid of inner radius a and length ¢ with current [ entering,
wound with wire, oriented along its axis.]

[Figure, right ("Cutaway View"): A cutaway view of the solenoid showing the xyz-coordinate
system, with the x-axis along the axis of the solenoid, current / shown entering at the near end,
point P at the origin in the middle of the solenoid, and the y- and z-axes shown perpendicular
to the x-axis at P.]

A solenoid is used to generate a magnetic field. The solenoid has an inner radius a, length /,
and N total turns of wire. A power supply, not shown, is connected to the solenoid and
generates current /, as shown in the figure on the left above. The x-axis runs along the axis of
the solenoid, as shown in the cutaway view on the right above. Point P is in the middle of the
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solenoid at the origin of the xyz-coordinate system, as shown in the cutaway view. Assume
(> a.

(d)(i) One of the students notes that the horizontal component of the magnetic field
of Earth is 2.5 x 1075 T. Is there evidence from the graph that the horizontal
orientation of the solenoid affects the measured values for B?

YESNO

Justify your answer.
(d)(ii) Would the horizontal orientation of the solenoid affect the calculated value for
Rs?

YESNO
Justify your answer.
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[Figure: A solenoid with current / entering, inner radius a, length ¢, labeled "Solenoid.”
A thin conducting loop of radius b is shown concentric with and around the solenoid,
with curved arrows labeled "Counterclockwise” and "Clockwise” indicating the two
possible current directions in the loop, labeled "Loop.”]

A thin conducting loop of radius b and resistance R, is placed concentric with the
solenoid, as shown above. The current in the solenoid is decreased from [ to zero over

time At.
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Note: Figures not drawn to scale.

[Figure, left ("Solenoid”): A solenoid of inner radius a and length ¢ with current [ entering,
wound with wire, oriented along its axis.]

[Figure, right ("Cutaway View"): A cutaway view of the solenoid showing the xyz-coordinate
system, with the x-axis along the axis of the solenoid, current / shown entering at the near end,
point P at the origin in the middle of the solenoid, and the y- and z-axes shown perpendicular
to the x-axis at P.]

A solenoid is used to generate a magnetic field. The solenoid has an inner radius a, length /,
and N total turns of wire. A power supply, not shown, is connected to the solenoid and
generates current /, as shown in the figure on the left above. The x-axis runs along the axis of
the solenoid, as shown in the cutaway view on the right above. Point P is in the middle of the
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solenoid at the origin of the xyz-coordinate system, as shown in the cutaway view. Assume
> a.
(e)(i) Is the direction of the induced current in the loop clockwise or counterclockwise
during the time period that the current in the solenoid is decreasing?

Clockwise Counterclockwise
Justify your answer.
(e)(ii) Derive an equation for the average induced current jyp in the loop during the
time period that the current in the solenoid is decreasing. Express your answer in
terms of I, £, N, a, b, R, Rs, At, and physical constants, as appropriate.



Past-paper walk-through

Solution 3

(a)

m +x-direction (1 pt for choosing this with a justification attempt). Justification
(1 pt): using the right-hand rule for a solenoid — curl the fingers of the right
hand in the direction of current flow around the loops — the thumb points in
the +x-direction, so the magnetic field at the center of the solenoid (point P)
points in the +x-direction. (Equivalently: using the right-hand rule for the
current on the near/left side of the solenoid, the fingers curl into the loop and
point in the +x direction at the axis.)
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(b)(i)

m Draw a rectangular Amperian loop with one long side lying along the central
axis of the solenoid, passing through point P (the side where B is to be
found), and the opposite long side lying outside the solenoid (where B~ 0);
the two short sides are perpendicular to the axis. Both long sides must stay
within the solenoid’s length ¢ (must not extend beyond the ends of the

solenoid). 1 point.
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(b)(ii) Mark scheme

m Apply Ampere's law around the rectangular loop (4 segments):
f B-dl = polenc .. (f Bd@l + (f Bde)g + (f Bdf)g + (f Bd£)4 = pglenc. The
two perpendicular segments and the outside leg contribute zero (either B L d/, or

N
B~ 0 outside), leaving ([ Bdl); + 0+ (—(f Bdl),) + Bh = uo?hl, where h is

the length of the on-axis segment and ,u()%hl is the enclosed current (the fraction

N
h/¢ of the N turns, each carrying current /) — this simplifies to Bh = ,uOZhI (1 pt

NI
for correctly applying Ampere's law this way). Solving: B = NOT (1 pt for the

correct final answer).
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(c)(i)

m Draw a straight best-fit line through the plotted (£, B) data points, positioned
so that at least one data point lies above the line and at least one lies below
it, following the overall positive-slope trend of the data (roughly rising from
about (1 V,0.3 x 107% T) to (7 V,2.6 x 10~% T)). 1 point.
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(c)(ii) Mark scheme

m Compute the slope from the best-fit line, not raw data points (1 pt):
AB  (25-09)x107*T

— = = 0. 1071 =3.6 x 107° T/V. Relat
NG 64-20)V 0.36 x 10 3.6 x 10 / elate

slope =

NI
the slope to Rs (1 pt): since B = HO™T and (treating the solenoid as the circuit’s
N.
resistance) | = £/Rs, we get B = ’MEORE, so
S
4 x 1077 1
sIope:M:>R5— HolV (4r x 10 Tm/A>(OO):8.7Q.

(Rs " Uxslope  (0.40 m)(3.6 x 105 T/V)
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(d)(i) Mark scheme

m Yes — the best-fit line does not pass through the origin (there is a nonzero
B-intercept of roughly 0.3 x 10~* T at £ = 0). 1 point for a correct justification,
e.g.: the horizontal component of Earth's magnetic field adds to or subtracts from
the solenoid’s own field depending on how the solenoid is oriented, which offsets
the measured B values and is evidence that orientation affects them. (If a
student’s line does pass through the origin, 'No' with the matching justification —
the line passing through the origin meaning B = 0 when £ = 0, so Earth’s field is
not affecting the values — also earns full credit.)
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(d)(ii)

m No. 1 point for a correct justification: Earth’s horizontal field component is a
constant additive offset to B — it shifts the line's intercept but does not
change its slope as £ (and hence /) is varied. Since Rs is calculated from the
slope of the line (not its intercept), the horizontal orientation of the solenoid
does not affect the calculated value of Rs.
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(e)(i) Mark scheme

m Clockwise. 1 point for a justification indicating that the magnetic field inside the
solenoid (and hence through the loop) will decrease as the solenoid’s current
decreases. 1 point for using Lenz's law to relate this decreasing field to the
induced current’s direction: since the solenoid’s field points in +x and is
decreasing, the loop’s induced current opposes the decrease by creating its own
field also in the +x direction inside the loop; by the right-hand rule, producing a
+x-directed field means the current in the loop must flow clockwise (as viewed
per the figure's labeled Clockwise/Counterclockwise arrows).
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(e)(ii) Mark scheme

dd d(BA AB
m Faraday's law (1 pt): € = = (dt ) = AE' Ohm'’s law for the loop (1
pt): Iinp = \—Ig: AARBL/At = QLAABt Using the correct area — the solenoid'’s
cross-sectional area A = ma? (radius a, NOT the larger loop radius b, since only
poN/

14

the flux through the solenoid’s cross-section threads the loop) — and AB =
ma? poNI/t — wa*puoNI
R At N R ¢ At '

(the field drops from “OTNI to 0) (1 pt): Iivp =
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2018 = Q3

[Figure 1. Side view: Wire 1 is shown end-on (circle with a dot, ®/;) with current /;
directed out of the page; point P is a horizontal distance d from Wire 1. Wire 1 is a
vertical distance d above Wire 2, which is drawn as a long horizontal wire (hatched
double line) carrying current I directed to the left.]

[Figure 2. Top view: Wire 1 is drawn as a vertical wire (with dashed extension above),
Wire 2 is a horizontal wire to the left of Wire 1 carrying current /y directed to the left,
and point P is a horizontal distance d to the right of Wire 1 along the same horizontal
line as Wire 2's continuation. A note states: "Wire 1 and point P are a distance d
above Wire 2." The current /; in Wire 1 is shown directed downward (out of the
top-view plane arrangement).]

The figures above represent different views of two long, straight, horizontal wires, 1
and 2, carrying currents l; = [ and l, = 2/, respectively, in the directions shown. The
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wires are held in place. In Figure 1, the current in wire 1 is directed out of the page,
and wire 1 is a distance d above wire 2. Point P is a horizontal distance d from wire 1
and a distance d directly above wire 2. Express your answers to parts (a) and (b) in
terms of /, d, and physical constants, as appropriate.

(a) Use Ampere's law to derive an expression for the magnitude of the magnetic field
at point P due to wire 1.
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[Figure 1. Side view: Wire 1 is shown end-on (circle with a dot, ®/;) with current /; directed
out of the page; point P is a horizontal distance d from Wire 1. Wire 1 is a vertical distance d
above Wire 2, which is drawn as a long horizontal wire (hatched double line) carrying current
I, directed to the left.]

[Figure 2. Top view: Wire 1 is drawn as a vertical wire (with dashed extension above), Wire 2
is a horizontal wire to the left of Wire 1 carrying current l; directed to the left, and point P is
a horizontal distance d to the right of Wire 1 along the same horizontal line as Wire 2's
continuation. A note states: "Wire 1 and point P are a distance d above Wire 2." The current
Iy in Wire 1 is shown directed downward (out of the top-view plane arrangement).]

The figures above represent different views of two long, straight, horizontal wires, 1 and 2,
carrying currents 1 = [ and I, = 2/, respectively, in the directions shown. The wires are held in
place. In Figure 1, the current in wire 1 is directed out of the page, and wire 1 is a distance d
above wire 2. Point P is a horizontal distance d from wire 1 and a distance d directly above
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wire 2. Express your answers to parts (a) and (b) in terms of /, d, and physical constants, as
appropriate.
(b) Derive an expression for the magnitude of the net magnetic field at point P.
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[Figure 1. Side view: Wire 1 is shown end-on (circle with a dot, ®/;) with current /; directed
out of the page; point P is a horizontal distance d from Wire 1. Wire 1 is a vertical distance d
above Wire 2, which is drawn as a long horizontal wire (hatched double line) carrying current
I, directed to the left.]

[Figure 2. Top view: Wire 1 is drawn as a vertical wire (with dashed extension above), Wire 2
is a horizontal wire to the left of Wire 1 carrying current l; directed to the left, and point P is
a horizontal distance d to the right of Wire 1 along the same horizontal line as Wire 2's
continuation. A note states: "Wire 1 and point P are a distance d above Wire 2." The current
Iy in Wire 1 is shown directed downward (out of the top-view plane arrangement).]

The figures above represent different views of two long, straight, horizontal wires, 1 and 2,
carrying currents 1 = [ and I, = 2/, respectively, in the directions shown. The wires are held in
place. In Figure 1, the current in wire 1 is directed out of the page, and wire 1 is a distance d
above wire 2. Point P is a horizontal distance d from wire 1 and a distance d directly above
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wire 2. Express your answers to parts (a) and (b) in terms of /, d, and physical constants, as
appropriate.

(c) Calculate the numerical value of the angle to the horizontal for the direction of the
net magnetic field at point P.
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[Figure 1. Side view: Wire 1 is shown end-on (circle with a dot, ®/;) with current /; directed
out of the page; point P is a horizontal distance d from Wire 1. Wire 1 is a vertical distance d
above Wire 2, which is drawn as a long horizontal wire (hatched double line) carrying current
I, directed to the left.]

[Figure 2. Top view: Wire 1 is drawn as a vertical wire (with dashed extension above), Wire 2
is a horizontal wire to the left of Wire 1 carrying current l; directed to the left, and point P is
a horizontal distance d to the right of Wire 1 along the same horizontal line as Wire 2's
continuation. A note states: "Wire 1 and point P are a distance d above Wire 2." The current
Iy in Wire 1 is shown directed downward (out of the top-view plane arrangement).]

The figures above represent different views of two long, straight, horizontal wires, 1 and 2,
carrying currents 1 = [ and I, = 2/, respectively, in the directions shown. The wires are held in
place. In Figure 1, the current in wire 1 is directed out of the page, and wire 1 is a distance d
above wire 2. Point P is a horizontal distance d from wire 1 and a distance d directly above
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wire 2. Express your answers to parts (a) and (b) in terms of /, d, and physical constants, as
appropriate.
(d) Wire 1 is now released. Which of the following best describes the initial motion of
wire 1 due to the magnetic field of wire 2?7 Assume gravitational effects are negligible.
Wire 1 will not move.
Wire 1 will move upward as viewed in Figure 1.
Wire 1 will move downward as viewed in Figure 1.
Wire 1 will rotate clockwise as viewed in Figure 2.
Wire 1 will rotate counterclockwise as viewed in Figure 2.
Justify your answer.
[Figure 3. Side view: A rectangular loop of length ¢ (horizontal) and width w (vertical)
is positioned above Wire 2, at a distance d from Wire 2 (measured from the bottom
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side of the loop down to the wire). Wire 2 (hatched double line) carries current /»
directed to the left. The long side of the loop is parallel to the wire.]

Wire 1 is now replaced by a conducting rectangular loop of length ¢, width w, and
resistance R. The loop is placed a distance d from wire 2, as shown. The loop, wire,
and distance d are all in the plane of the page. The long side of the loop is parallel to
the wire. The current  for wire 2 is decreasing linearly as a function of time t
according to the equation I, = 2/y(1 — kt), where k is a positive constant with units of

s 1.
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[Figure 1. Side view: Wire 1 is shown end-on (circle with a dot, ®/;) with current /; directed
out of the page; point P is a horizontal distance d from Wire 1. Wire 1 is a vertical distance d
above Wire 2, which is drawn as a long horizontal wire (hatched double line) carrying current
I, directed to the left.]

[Figure 2. Top view: Wire 1 is drawn as a vertical wire (with dashed extension above), Wire 2
is a horizontal wire to the left of Wire 1 carrying current l; directed to the left, and point P is
a horizontal distance d to the right of Wire 1 along the same horizontal line as Wire 2's
continuation. A note states: "Wire 1 and point P are a distance d above Wire 2." The current
Iy in Wire 1 is shown directed downward (out of the top-view plane arrangement).]

The figures above represent different views of two long, straight, horizontal wires, 1 and 2,
carrying currents 1 = [ and I, = 2/, respectively, in the directions shown. The wires are held in
place. In Figure 1, the current in wire 1 is directed out of the page, and wire 1 is a distance d
above wire 2. Point P is a horizontal distance d from wire 1 and a distance d directly above
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wire 2. Express your answers to parts (a) and (b) in terms of /, d, and physical constants, as
appropriate.

(e) Of the following, select the integration that will give an expression for the flux ® as
a function of time t.

o — /r:d+w po(2h) (1 — kt)w

r=d 2
P — / /1,0(2/0)(1 — kt)EW dr
r=d 27
r=d+w
/ o(2h)(1 = k) |
27rr

[ 10(21)
/ #o(Zlo)(1 = kt) Cdr
r—d 27rr
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[Figure 1. Side view: Wire 1 is shown end-on (circle with a dot, ®/;) with current /; directed
out of the page; point P is a horizontal distance d from Wire 1. Wire 1 is a vertical distance d
above Wire 2, which is drawn as a long horizontal wire (hatched double line) carrying current
I, directed to the left.]

[Figure 2. Top view: Wire 1 is drawn as a vertical wire (with dashed extension above), Wire 2
is a horizontal wire to the left of Wire 1 carrying current l; directed to the left, and point P is
a horizontal distance d to the right of Wire 1 along the same horizontal line as Wire 2's
continuation. A note states: "Wire 1 and point P are a distance d above Wire 2." The current
Iy in Wire 1 is shown directed downward (out of the top-view plane arrangement).]

The figures above represent different views of two long, straight, horizontal wires, 1 and 2,
carrying currents 1 = [ and I, = 2/, respectively, in the directions shown. The wires are held in
place. In Figure 1, the current in wire 1 is directed out of the page, and wire 1 is a distance d
above wire 2. Point P is a horizontal distance d from wire 1 and a distance d directly above
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Question 3

wire 2. Express your answers to parts (a) and (b) in terms of /, d, and physical constants, as
appropriate.

(f) Given that the flux through the rectangular loop as a function of time t is given by
the equation

T d

derive an expression for the magnitude of the current, if any, induced in the loop.
Express your answers in terms of Iy, d, r, R, w, k, £, and physical constants, as
appropriate.

P — Molog(l — kt) ln<d+ W)
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Question 3

2018 = Q3

[Figure 1. Side view: Wire 1 is shown end-on (circle with a dot, ®/;) with current /; directed
out of the page; point P is a horizontal distance d from Wire 1. Wire 1 is a vertical distance d
above Wire 2, which is drawn as a long horizontal wire (hatched double line) carrying current
I, directed to the left.]

[Figure 2. Top view: Wire 1 is drawn as a vertical wire (with dashed extension above), Wire 2
is a horizontal wire to the left of Wire 1 carrying current l; directed to the left, and point P is
a horizontal distance d to the right of Wire 1 along the same horizontal line as Wire 2's
continuation. A note states: "Wire 1 and point P are a distance d above Wire 2." The current
Iy in Wire 1 is shown directed downward (out of the top-view plane arrangement).]

The figures above represent different views of two long, straight, horizontal wires, 1 and 2,
carrying currents 1 = [ and I, = 2/, respectively, in the directions shown. The wires are held in
place. In Figure 1, the current in wire 1 is directed out of the page, and wire 1 is a distance d
above wire 2. Point P is a horizontal distance d from wire 1 and a distance d directly above
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Question 3

wire 2. Express your answers to parts (a) and (b) in terms of /, d, and physical constants, as

appropriate.

(g) What is the direction of the current, if any, induced in the loop as seen in Figure 37
Clockwise Counterclockwise Undefined, because there is no

current induced in the loop

Justify your answer.
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Solution 3

(a)

m Apply Ampere's law around a circular loop of radius d centered on wire 1:

o /
¢ B-dl = pol = B(2md) = pol (1 point). Solve: B= éu—od (1 point).
s
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Solution 3

(b) Mark scheme

/
m Field magnitudes at P: B; = ;—Od from wire 1, and since I, = 2/,
T

_ po(2))

By, =
2md
and B, are perpendicular at P the net field is their vector sum:

2 5 ol
net—\/m \/ ;fcl, “ggdl)) = \gﬂlz) (1 point).

/
M(; from wire 2 (1 point, for indicating B, = 2B;). Because B;
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Solution 3

(<)

. B
m Relate the angle to the two perpendicular field components: # = tan™! < 1)

By
(1 point). Substitute By = uol/2mwd, Ba = po(21)/27d:
6 = tan—1(1/2) = 26.6° (1 point).
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Solution 3

(d)

m Answer: Wire 1 will rotate clockwise as viewed in Figure 2. Justification:
there is no net translational motion because the magnetic forces on the wire
from wire 2's field cancel (1 point) — but there is a net torque causing
rotation (1 point). Example: the top portion of wire 1 sits in a field into the
page from wire 2 and feels a force to the right; the bottom portion sits in a
field out of the page from wire 2 and feels a force to the left. The net force is
zero, but the net torque is clockwise, so the wire rotates clockwise.
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Solution 3

(e)

r=d+w _
m Correct choice: ® :/ M
r—d 27Tr

_ Ho(2h)(1 — kt)

£ dr — the integrand is the field

from wire 2 at distance r, B(r) , times the strip area

T
element / dr, integrated over the loop's radial extent from r=dto r=d+ w.
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Solution 3

(f) Mark scheme

m Take the time derivative of the glven flux to get the EMF:
I ok
CI'(I) /Loogln<d+ W)' 1—kt)‘ Lol E <d+W> (1 point).
<
R

Cdt e

Divide by the loop's resistance R to get the induced current: /=

lok
Final answer: | = 10% eln drw (1 point).
TR d

(1 point).
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Solution 3

(g)

m Answer: Clockwise, with a justification attempt (1 point). Reasoning: since
is decreasing, the flux through the loop is decreasing (1 point). By Lenz's law,
the induced current opposes this decrease, so it must create a magnetic field

into the page inside the loop, meaning the induced current flows clockwise (1
point).
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Question 3

2017 = Q3

[Figure: a trapezoidal table setup showing a solenoid of length ¢ (a coiled wire wound
on a hollow tube) connected in series with a resistor, and a power supply (with a
dial/gauge, terminals + and —) and a multimeter (with a digital display and a dial
selector) sitting on the table nearby, not yet wired together]

When studying Ampere’s law, students collect data on the magnetic field of two
different solenoids in order to determine the magnetic permeability of free space py.
The solenoids are created by wrapping wire around a hollow plastic tube. The
solenoids of length ¢ with N turns of wire will be connected in series to a power supply
and resistor. A multimeter will be used as an ammeter to measure the magnitude of
the current / through the solenoids. The main components for the setup with one of
the solenoids are shown in the figure above.
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Question 3

(a)(i) On the figure above, draw wire connections between the solenoid, power supply,
resistor, and multimeter that will complete the circuit and allow students to measure
the magnitude of the current through the solenoid.
(a)(ii) Using the connections you made in part (a)i above, what will be the direction
of the magnetic field inside the solenoid?

Toward the top of the page To the left Out of the page
Toward the bottom of the page To the right Into the page
The rectangle shown below represents the solenoid (the loops of wire are not shown).
Points A, B, and C are along the central axis of the solenoid with point B at the
middle of the solenoid. Point D is directly above point B.
[Diagram: a rectangle representing the solenoid, with dot D above the rectangle at its
midpoint, and inside the rectangle three dots along the central axis labeled oA, B
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Question 3

(both toward the left-middle), and eC (toward the right edge, outside the main cluster
of A and B, near the right end).]

(a)(iii) From the choices below, select the point where you would place a magnetic
field probe (a probe that can measure the magnitude of the magnetic field) to best
measure the strength of the magnetic field of the solenoid in order to determine the
magnetic permeability of free space .

Ag

‘p

Justify your answer based on the model for a simple solenoid.

The figures below show two different solenoids that will be connected in the circuit
above. Solenoid 1 has a length £ = 25 cm with NN = 100 turns. Solenoid 2 has a length

¢ =>5.0cm with N =5 turns.
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Question 3

[Two diagrams of coiled solenoids: "Solenoid 1" shown as a long tightly-wound coil,
and "Solenoid 2" shown as a short coil with few turns. Note: Figures not drawn to
scale.]

A graph of the magnitude of the magnetic field B as a function of NI/¢ is shown
below. The best-fit lines for the data are shown as a solid line for solenoid 1 and as a
dashed line for solenoid 2.

[Graph: vertical axis B (T x 107°) ranging 0 to 12 in increments of 2; horizontal axis
NI
l
line through filled data points, rising from about (12,2.3) to about (95,11), roughly
linear with a positive y-intercept near 0.5—-1. Dashed line "Solenoid 2" is a best-fit line
through open-circle data points, rising from about (15,1.7) to about (85,9), also

A
> ranging 0 to 100 in increments of 20. Solid line "Solenoid 1" is a best-fit
m
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Question 3

roughly linear, lying slightly below Solenoid 1's line at low N//¢ and crossing to be
below it at high NI/¢ as well, with more scatter in its data points.]
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alength ¢/ = 25 cm with N = 100 turns. Solenoid 2 has a length / = 5.0 cm with N =5 turns.

LD

Solenoid 1 Solenoid 2

Note: Figures not drawn to scale,
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Question 3

2017 = Q3

[Figure: a trapezoidal table setup showing a solenoid of length ¢ (a coiled wire wound on a
hollow tube) connected in series with a resistor, and a power supply (with a dial/gauge,
terminals 4+ and —) and a multimeter (with a digital display and a dial selector) sitting on the
table nearby, not yet wired together.]

When studying Ampere's law, students collect data on the magnetic field of two different
solenoids in order to determine the magnetic permeability of free space i9. The solenoids are
created by wrapping wire around a hollow plastic tube. The solenoids of length ¢ with N turns
of wire will be connected in series to a power supply and resistor. A multimeter will be used as
an ammeter to measure the magnitude of the current / through the solenoids. The main
components for the setup with one of the solenoids are shown in the figure above.

(b) Which solenoid’s best-fit line would give the best results for determining a value
for the magnetic permeability of free space pg?
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Solenoid 1 Solenoid 2
Justify your answer.
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Question 3

2017 = Q3

[Figure: a trapezoidal table setup showing a solenoid of length ¢ (a coiled wire wound on a
hollow tube) connected in series with a resistor, and a power supply (with a dial/gauge,
terminals 4+ and —) and a multimeter (with a digital display and a dial selector) sitting on the
table nearby, not yet wired together.]

When studying Ampere's law, students collect data on the magnetic field of two different
solenoids in order to determine the magnetic permeability of free space i9. The solenoids are
created by wrapping wire around a hollow plastic tube. The solenoids of length ¢ with N turns
of wire will be connected in series to a power supply and resistor. A multimeter will be used as
an ammeter to measure the magnitude of the current / through the solenoids. The main
components for the setup with one of the solenoids are shown in the figure above.

(c)(i) Use the slope of the best-fit line for the solenoid chosen in part (b) to calculate
the magnetic permeability of free space uyg.
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Question 3

(c)(ii) Calculate the percent error for the experimental value of the magnetic
permeability of free space o determined in part (c)i.
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Question 3

2017 = Q3

[Figure: a trapezoidal table setup showing a solenoid of length ¢ (a coiled wire wound on a
hollow tube) connected in series with a resistor, and a power supply (with a dial/gauge,
terminals 4+ and —) and a multimeter (with a digital display and a dial selector) sitting on the
table nearby, not yet wired together.]

When studying Ampere's law, students collect data on the magnetic field of two different
solenoids in order to determine the magnetic permeability of free space i9. The solenoids are
created by wrapping wire around a hollow plastic tube. The solenoids of length ¢ with N turns
of wire will be connected in series to a power supply and resistor. A multimeter will be used as
an ammeter to measure the magnitude of the current / through the solenoids. The main
components for the setup with one of the solenoids are shown in the figure above.

(d)(i) What is a reasonable physical explanation for a best-fit line that does not pass
through the origin?
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(d)(ii) Suppose a student connects the solenoid in a closed circuit similar to the circuit
in part (a)i but without the resistor. The student notices the multimeter stops
functioning after the power supply is turned on. Explain what causes the failure of the
multimeter.
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Solution 3

(a)(i)

m Draw wire connections that form a working circuit: the power supply,
solenoid, and resistor connected in series with each other (1 point); the
multimeter connected in series with the solenoid/resistor combination so it
reads the current through the solenoid (1 point).
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Solution 3

(a) (i)

m 1 point, awarded for a direction of the magnetic field inside the solenoid
(toward top of page / left / out of page / toward bottom / right / into page)
that is logically consistent (via the right-hand rule) with the current direction
implied by the student’s own wiring/connections chosen in part (a)i — there
is no single fixed correct choice independent of that answer.
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Solution 3

(a)(iii) Mark scheme

m Correct selection: point B (the point at the middle of the solenoid, on its central
axis). Justification: the formula for the magnetic field of a solenoid (B = ponl) is
derived for an ideal (infinitely long) solenoid and does not hold outside the
solenoid — this rules out points C and D, which lie outside (1 point, for any
indication that the field outside the solenoid is less than inside). Near the
ends/edges of the solenoid the ideal-solenoid approximation becomes less accurate
due to edge effects — this rules out point A (1 point, for any indication that
being closer to the center gives a better approximation because it avoids edge
effects). Point B, at the solenoid’s center, therefore gives the best approximation
of an ideal solenoid (1 point, for selecting B).
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Solution 3

(b)

m Correct selection: Solenoid 1. Justification: Solenoid 1 has more turns per
unit length than Solenoid 2 (1 point); Solenoid 1 is also longer, and so is more
like an ideal (infinite) solenoid (1 point). Since B = ponl assumes an ideal
solenoid, Solenoid 1's greater turn density and length make it a better
approximation, so its best-fit-line slope gives a more accurate experimental
value for pg.
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Solution 3

(c)(i) Mark scheme

m Calculate the slope for the chosen solenoid (Solenoid 1) using the best-fit line

(not individual data points): .
_yg—yl_(10—4)(T><10_)_ _6 .

slope = o —x (B 2)(Am) 1.17x107° T - m/A (1 point, for
correctly calculating the slope from the best-fit line, not the data points). Relate
the permeability of free space to the slope: gy = slope (1 point). Correct units:
po =117 x 107 T - m/A (1 point). [For reference, Solenoid 2's slope, not used
here since Solenoid 1 was chosen in part (b):

(8 —4)(T x 1079) _
S35 (Am) 851 x 1077 T - m/A]

slope =
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Solution 3

(c)(ii) Mark scheme

m Use the correct percent-error formula, substituting the accepted value
(to =1.26 x 1079 T - m/A) and the experimental value from part (c)i:
— 1.26 x 107%) — (1.18 x 1076
lacc = &bl 1gov, = (126 107) = (L8 X 107 g . .35
acc 1.26 x 106
(1 point) [as transcribed in the official guideline for Solenoid 1; for Solenoid 2 the
|(1.26 x 1076) — (8.51 x 10~7)|
1 ~ 32.4%].
1.26 % 109 X 1007 ~ 52.4%]

% error =

analogous calculation gives
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Solution 3

(d) (i)

m 1 point for a correct explanation involving any extraneous (stray) magnetic
field, e.g.: a component of Earth’s magnetic field lies along the direction of
the solenoid's (inductor's) own magnetic field, shifting the best-fit line so it
does not pass through the origin.
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Solution 3

(d)(ii)

m State that either the solenoid (inductor) or the circuit has near-zero resistance
(1 point); state that, as a result of this near-zero resistance, the current
becomes very high/near-infinite (1 point). Example: the inductor has
near-zero resistance, so without the resistor in series with it the inductor
draws a near-infinite current, which the multimeter cannot handle — causing
the multimeter to stop functioning.



