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General Instructions

(i) This question paper contains 33 questions. All questions are compulsory.
(ii) This question paper is divided into five sections — Sections A, B, C, D and E.

(iii) In Section A — Questions no. 1 to 16 are Multiple Choice type questions. Each question carries 1
mark.

(iv) In Section B — Questions no. 17 to 21 are Very Short Answer type questions. Each question
carries 2 marks.

(v) In Section C - Questions no. 22 to 28 are Short Answer type questions. Each question carries 3
marks.

(vi) In Section D — Questions no. 29 and 30 are Case Study-based questions. Each question carries 4
marks.

(vii) In Section E — Questions no. 31 to 33 are Long Answer type questions. Each question carries 5
marks.

(viii) There is no overall choice given in the question paper. However, an internal choice has been
provided in few questions in all the Sections except Section A.

(ix) Kindly note that there is a separate question paper for Visually Impaired candidates.
(x) Use of calculators is not allowed.

You may use the following values of physical constants wherever necessary :

c=3x10%m/s Mass of electron (m.) = 9.1 x 1073 kg
h=6.63 x 10734 Js Mass of neutron = 1.675 x 10727 kg
e=16x10"YC Mass of proton = 1.673 x 1072 kg
po =47 x 107" Tm A™* Avogadro’s number = 6.023 x 10%* per gram mole
g0 = 8.854 x 1072 2N T2 Boltzmann constant = 1.38 x 10723 JK~!

=9x10° Nm?C?



Section A (16 marks)

1. A 500 nm photon is incident normally on a perfectly reflecting surface and is reflected. The value
of momentum transferred to the surface is: [1 mark]
(A) 3.87 x 10”43 kg ms™*

(B) 2.5 x 10730 kg ms™*

(C) 2.65 x 10727 kg ms ™

(D) 1.33 x 102" kg ms ™"

Correct Answer: (C) 2.65 x 10727 kg ms ™"

Solution:

Concept:

* A photon of wavelength A has momentum magnitude p = h/\, where h is Planck’s constant.
* At normal reflection, the photon reverses direction. Conservation of momentum therefore gives the
surface a momentum 2p along the incident beam.

Step 1: Calculate the incident photon momentum Convert the wavelength before substitution:
500nm = 5.00 x 10~7 m.

_6.63 x 1073

= =1 -2 -
P= 00X 10=7 326 x 107“"kgm s

Step 2: Account for the reversal on reflection Taking the incident direction as positive, the photon
momentum changes from +p to —p. The surface receives the opposite change:

Apsurface = 2p = 2.652 x 1072 kg m s

Option (D) is approximately the incident momentum alone, appropriate to absorption rather than
perfect reflection. Options (A) and (B) have magnitudes inconsistent with 2h/\.

1

Step 3: Conclusion The momentum transferred is 2.65 x 1072"kg m s~ ', in the incident direction.

Hence, the correct option is (C).

Quick Tip to Solve: For normal incidence, use h/\ for absorption and 2h/\ for perfect reflection.

2. A good diode checked by a multimeter should indicate: [1 mark]
(A) high resistance in reverse bias and a low resistance in forward bias

(B) high resistance in both forward bias and reverse bias

(C) low resistance in both reverse bias and forward bias

(D) high resistance in forward bias and low resistance in reverse bias

Correct Answer: (A) high resistance in reverse bias and a low resistance in forward bias

Solution:

Concept:

* A p-n junction diode conducts readily in forward bias but carries only a small leakage current in
reverse bias, below breakdown.
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» For a multimeter resistance check, greater current for the applied test voltage corresponds to lower
indicated resistance.

Step 1: Check the forward direction Forward bias lowers the junction potential barrier and narrows
the depletion layer. Majority carriers can cross the junction readily, so a good diode indicates a low
forward resistance.

Step 2: Reverse the test polarity Reverse bias raises the potential barrier and widens the depletion
layer. The current is very small, so the indicated reverse resistance is high. High readings in both
directions, as in (B), suggest an open diode; low readings in both, as in (C), suggest a shorted diode.
Option (D) interchanges the normal forward and reverse behaviour.

Step 3: Conclusion A good diode indicates high resistance in reverse bias and low resistance in
forward bias. Hence, the correct option is (A).

Quick Tip to Solve: Reverse the multimeter leads: a healthy diode changes from a low forward reading to a
high reverse reading.

3. A square loop of side 0.50 m is placed in a uniform magnetic field of 0.4 T perpendicular to the
plane of the loop. The loop is rotated through an angle of 60° in 0.2 s. The value of emf induced in
the loop will be: [1 mark]

(A)5V
(B)3.5V
@25V
(D) Zero V

Correct Answer: For the usual flux-changing rotation, the average emf is 0.25 V; this value is absent from
the printed options.

Solution:

Concept:

* Magnetic flux through one loop is ® = BA cos 6, where 0 is the angle between the magnetic field
and the normal to the loop.

 Faraday’s law gives the magnitude of average induced emf as |e,y| = |®f — ®;|/At.

Step 1: Calculate the change in magnetic flux The area is A = (0.50)2 = 0.25m?2. Initially the field is
normal to the loop, so §; = 0°. For the usual intended rotation that tilts its normal through 60°,

®; = (0.4)(0.25) = 0.100 W,
®; = (0.4)(0.25) cos 60° = 0.050 Wh.

Step 2: Evaluate the average emf and compare the options The stated time permits calculation of the

average emf:
0.100 — 0.050

[eav] = =55 =025V.
Options (A), (B) and (C) are 5, 3.5 and 2.5V, respectively; none equals 0.25V. Option (D) does not
follow for this flux-changing rotation. Rotation about the loop’s normal would instead leave the flux
unchanged, but the printed question does not specify that axis. The options therefore do not supply a

unique justified answer to the intended calculation.

CBSE Class 12 Page 3 of 48 # collegedunias



Step 3: Conclusion With the standard interpretation, the average emf is 0.25V. No printed option
matches this result; the question as printed has inconsistent options and does not specify the rotation
axis.

Quick Tip to Solve: Square the side first, use the angle to the loop’s normal, and compare the calculated value
with the printed options without changing a decimal.

4. The magnetic field in a plane electromagnetic wave travelling in glass (n = 1.5) is given by

By, = (2 x 1077 T) sin(az + 1.5 x 10 ¢)

where z is in metres and ¢ is in seconds. The value of « is: [1 mark]
(A) 0.5 x 103m~!

(B) 6.0 x 10°m™1

(C) 7.5 x10°m~!

(D) 1.5 x 103m™1

Correct Answer: (C) 7.5 x 102m™!

Solution:

Concept:
* The wave speed in a medium of refractive index n is v = ¢/n, where c is the speed of light in
vacuum.

* In the phase kx + wt, k is the wave number and w is angular frequency; their magnitudes satisfy
v=uw/k.

Step 1: Identify the speed and angular frequency Comparing the printed phase with kx + wt gives
k=caandw = 1.5 x 10" s~!, In glass,

3.0 x 108
- ;(75 —2.0x10°ms L.
Step 2: Determine the wave number
w 1.5x 104 5]
= =" """ =75x10°m .
=T 2ox0s o x1m

The plus sign in the phase indicates propagation toward decreasing z; it does not change the positive
wave-number magnitude. Option (A) uses the vacuum speed, ignoring glass. Options (B) and (D) do
not satisfy w/a = ¢/n. The magnetic-field amplitude is not needed to find .

Step 3: Conclusion The value is o = 7.5 x 102 m~!. Hence, the correct option is (C).

Quick Tip to Solve: Read w directly from the coefficient of ¢, then use k¥ = nw/c for the medium.
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5. A charged particle is moving in a uniform magnetic field B with a constant speed v in a circular
path of radius . Which of the following graphs represents the variation of radius of the circle, with

the magnitude of magnetic field 5? [1 mark]
T T
A) (B)
B B
T r
© (D)
B B
Correct Answer: (B) t
B
Solution:
Concept:

* For circular motion perpendicular to a uniform magnetic field, the magnetic force |¢|vB supplies
the centripetal force muv?/r.
* At fixed mass m, charge magnitude |¢| and speed v, the orbit radius satisfies » = mv/(|q|B).

Step 1: Relate the radius to the magnetic field The magnetic force acts perpendicular to the velocity,
changing its direction while keeping the speed constant. Equating the two force expressions gives

mv2 muv

lgjvB=— = r=_—.
r lq|B

Step 2: Match the inverse dependence to the graph The product rB = muv/|q| is constant, so
increasing B decreases r. The graph is a decreasing rectangular hyperbola, approaching the axes
asymptotically. Graph (A) incorrectly keeps r constant, while graphs (C) and (D) incorrectly make it
increase with B. Only graph (B) shows the required inverse variation.

Step 3: Conclusion Since r « 1/B, the decreasing hyperbola represents the motion. Hence, the
correct option is (B).

Quick Tip to Solve: If the magnetic field doubles at unchanged speed, the radius halves; use this check to
identify the inverse graph.
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6. Which of the following statements is not true for electric energy in ac form compared to that in dc
form? [1 mark]

(A) Production of ac is economical.

(B) ac can be easily and efficiently converted from one voltage to the other.
(C) ac can be transmitted economically over long distances.

(D) ac is less dangerous.

Correct Answer: (D) ac is less dangerous.

Solution:

Concept:

* Alternating voltage can be stepped up or down efficiently using a transformer, which operates
through changing magnetic flux.

* For a given transmitted power, a higher voltage permits a lower current and reduces the resistive
loss Pi,ss = IR in the lines.

Step 1: Identify the accepted advantages of ac In the standard comparison, ac generation is economi-
cal, so (A) is true. Transformers provide efficient voltage conversion, making (B) true. Stepping up
the transmission voltage reduces current and line losses for the same power; this is the basis of the
economical long-distance transmission stated in (C).

Step 2: Examine the statement about danger The economic and voltage-conversion advantages do
not imply that ac is less dangerous. Both ac and dc can cause serious electric shock; the effect depends
on the current through the body; its path and duration. Power-frequency ac is not generally safer than
dc under comparable conditions, so the unconditional claim in (D) is not true.

Step 3: Conclusion The statement “ac is less dangerous” is not a valid advantage of ac over dc. Hence,
the correct option is (D).

Quick Tip to Solve: In an ac-versus-dc comparison, separate transformer and transmission advantages from
claims about electric-shock safety.

7. The energy of an electron in an orbit in hydrogen atom is —3.4 eV. Its angular momentum in the

orbit will be: [1 mark]
3h

A) —

A) o

2h

s

© "
T

(B)

h

D -

(D) oy
Correct Answer: (C) ﬁ
™

Solution:

Concept:

* In the Bohr model, the energy of the hydrogen electron in orbit n is E,, = —13.6/n? eV, where n is
a positive integer.
* The allowed orbital angular momentum is L,, = nh/(27), where h is Planck’s constant.
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Step 1: Determine the principal quantum number Substitute the given negative energy into the
hydrogen energy formula:

—34=-—"F = n’=4 = n=2
n

Thus the electron is in the second Bohr orbit, not the ground-state orbit.

Step 2: Apply angular-momentum quantisation

Lo
2 T
Option (A) corresponds to n = 3, option (B) to n = 4, and option (D) to n = 1; these orbits have
energies different from —3.4 eV. Only option (C) matches n = 2.

Step 3: Conclusion The angular momentum is h/m, equal to 2A. Hence, the correct option is (C).

Quick Tip to Solve: First obtain n from the ratio 13.6/| E|; then multiply h/(27) by that n.

8. The rms and the average value of an ac voltage V = V1, sinwt volt over a cycle respectively will
be: [1 mark]
Vo W
A) - —=
27 V2
Vo W
®) —, -
T 2
Vo
—.0
V2

Vo
(D) Vo, NG

Correct Answer: (C

©

Vo

.0
) \/i
Solution:

Concept:

* The root mean square voltage is Vs = +/(V2), where the average is taken over one complete
cycle.
* The mean voltage is the signed average V,, = (V'); equal positive and negative half-cycles cancel.

Step 1: Calculate the rms voltage Squaring V' = V} sin wt removes the sign of the voltage. Since the
average of sin wt over a full cycle is 1/2,

Step 2: Average the voltage over a complete cycle The areas above and below the time axis have
equal magnitudes and opposite signs, so V,, = 0. Options (A), (B) and (D) all give nonzero averages
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and therefore fail. Also, their first entries do not equal the rms value of a sine wave. A half-cycle
average must not be used when the question specifies a complete cycle.

Step 3: Conclusion The rms and average voltages are respectively V;/+/2 and 0. Hence, the correct
option is (C).

Quick Tip to Solve: For a full sine-wave cycle, average the signed voltage to get zero; square first when
calculating the nonzero rms value.

9. The figure shows three point charges kept at the vertices of triangle ABC. The net electric field, due
to this system of charges, at the midpoint M of base BC will be: [1 mark]

q e
(A) Tneol? pointing along MA

(B) 1 pointing along AM
™ 50[2
q
C
( ) 2 Eol
(D) Zero
q

Correct Answer: (C) ——— pointing along AM
27T80l2

5 pointing along AM

Solution:

Concept:

* A charge Q produces field E = |Q|/(47reor?) at distance r.
* Fields add vectorially; they point away from positive charges and towards negative charges.

Step 1: Cancel the base-charge fields Since BM = C'M = [, the two charges —g produce equal,
opposite fields at M, directed towards B and C. They cancel, leaving only the field of 2¢ at A.
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Step 2: Find the apex contribution The isosceles triangle has AM | BC. Hence,

AM =/ AB? — BM? = /212 — |2 =1.

The field at M due to the positive apex charge is

2q q

Es = =
A 47T6Ql2 27’[‘60[2’

directed along AM. Option (A) reverses the direction and halves the magnitude; (B) doubles the
magnitude; (D) ignores the apex field.

Step 3: Conclusion The net field is ¢/(27egl?), pointing along AM. Hence, the correct option is (C).

Quick Tip to Solve: Cancel the base-charge fields first, then use the perpendicular height as the distance from
A.

10. Consider the nuclear reaction X — Y + Z. Let M,, M, and M, be the masses of the three nuclei
X, Y and Z respectively. Then which of the following relations hold true? [1 mark]
A) (My — M,) < M,

(B) (My — M,) < M,

(C) My > (My + M)

(D) M, < (My+ M)

Correct Answer: (C) M, > (M, + M,)

Solution:

Concept:

¢ Mass and energy are equivalent: a decrease AM in total rest mass releases energy Q = AMc?,
where c is the speed of light.

* In a spontaneous nuclear breakup X — Y + Z, the parent rest energy supplies the products’ rest
energies and their kinetic energies.

Step 1: Apply energy conservation to the breakup In the rest frame of X, with no external energy
supplied, conservation of energy gives

M,c® = Myc® + M,c® + K, + K,

where K, and K are the kinetic energies of the daughter nuclei. An energetically allowed decay has
positive released energy.

Step 2: Compare the total rest masses The energy release is
Q = (M, — M, — M,)c* > 0.

Thus the parent has more rest mass than the two daughters together. Options (A), (B) and (D) all
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rearrange to M, < M, + M_; that relation would require an external energy input and cannot describe
the spontaneous breakup written here.

Step 3: Conclusion M, > (M, + M.). The lost rest mass supplies the energy released in the decay.
Hence, the correct option is (C).

Quick Tip to Solve: For a one-parent spontaneous decay, subtract the sum of product rest masses from the
parent mass; the difference must be positive.

11. Two points R and S are equidistant from two charges +( and —2(). The work done in moving a
charge —(Q from R to S is: [1 mark]
(A) Zero
Q

B) —
( ) 47 Eod

Q
47T€0d

3Q
D
D) 4regd
Correct Answer: (A) Zero

©

Solution:

Concept:

* Electric potential is a scalar sum: V' = ), Q;/(4meor;), where r; is the distance to source charge
Qi-

* Moving a charge ¢y between two points changes its potential energy by AU = ¢o(Vs — Vg). The
electrostatic work is —AU.

Step 1: Compare the potentials at R and S The stated equal distances of R and S from the source
charges make their potentials identical. Writing the common distance as d, each point has potential

1@ 20y Q@
VR_VS_4mO(d d>_ dmeod’

The potential itself is nonzero, but its difference between R and S is zero.

Step 2: Calculate the work for the moving charge For the charge ¢y = —@Q, the work done by an
external agent in moving it slowly is

Wext = qo(Vs — Vr) = (—=Q)(0) = 0.

The electric field also does zero net work between these equal-potential points. Option (B) is the
common potential, not the work; the nonzero quantities in (C) and (D) likewise cannot represent
work for zero potential difference.

Step 3: Conclusion The work done in moving the charge from R to S is 0 J. Hence, the correct option
is (A).

Quick Tip to Solve: Compare the endpoint potentials before multiplying by the moving charge; a nonzero
common potential still gives zero work.
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12. The radius of a nucleus of mass number 125 is: [1 mark]
(A) 6.0fm

(B) 30fm

(C) 72fm

(D) 150 fm

Correct Answer: (A) 6.0 fm

Solution:

Concept:

* The empirical nuclear radius relation is R = RyA'/3, where A is the mass number and Ry ~ 1.2 fm.
* A femtometre is 1 fm = 10~'° m. Nuclear volume is proportional to A, so radius depends on its
cube root.

Step 1: Take the cube root of the mass number The given mass number is A = 125 = 53. Therefore
AY/3 = 5. The radius must be five times the radius constant, rather than 125 times that constant.

Step 2: Substitute in the radius relation Using Ry = 1.2 fm,
R = (1.2fm) x 5 = 6.0 fm.

Option (B), 30 fm, would result from using A%/% = 25 instead of A'/3. Option (D), 150 fm, incorrectly
uses R o A. Option (C), 72 fm, also does not follow the nuclear radius relation.

Step 3: Conclusion The nuclear radius is 6.0 fm = 6.0 x 10~ m. Hence, the correct option is (A).

Quick Tip to Solve: Recognise 125 = 5% immediately and multiply 1.2 fm by 5; do not multiply the radius
constant by the mass number itself.

13. Assertion (A): In Young’s double-slit experiment, the fringe width for dark and bright fringes is
the same.

AD
Reason (R): Fringe width is given by 5 = R where symbols have their usual meanings.

Select the correct answer from the codes given below: [1 mark]

(A) Both Assertion (A) and Reason (R) are true and Reason (R) is the correct explanation of the Assertion
(A).

(B) Both Assertion (A) and Reason (R) are true, but Reason (R) is not the correct explanation of the Assertion
(A).

(C) Assertion (A) is true, but Reason (R) is false.

(D) Both Assertion (A) and Reason (R) are false.

Correct Answer: (A) Both Assertion (A) and Reason (R) are true and Reason (R) is the correct explanation
of the Assertion (A).

Solution:

Concept:

* In Young’s double-slit experiment, fringe width is the distance between successive bright fringes or
between successive dark fringes.

* For wavelength ), screen distance D and slit separation d, the fringe width is 8 = AD/d, in the
usual small-angle approximation.
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Step 1: Evaluate the assertion Bright fringes occur at y,, = nAD/d, whereas dark fringes occur at
yn = (n+ 1/2)\D/d. Increasing n by one changes either position by AD/d. The spacing of successive
bright fringes therefore equals that of successive dark fringes, so Assertion (A) is true.

Step 2: Evaluate the reason Reason (R) states the correct expression § = AD/d. It applies to both
sequences of fringes; their positions differ by half a fringe width, but their widths are the same. Thus
Reason (R) is also true.

Step 3: Check the explanatory link The common formula depends on the same wavelength, screen
distance and slit separation for both types of fringes. This directly explains the equal widths asserted
in (A). Option (B) misses this link, while (C) and (D) incorrectly classify one or both true statements
as false.

Step 4: Conclusion Both Assertion (A) and Reason (R) are true, and Reason (R) correctly explains
Assertion (A). Hence, the correct option is (A).

Quick Tip to Solve: Distinguish fringe width from bright-to-adjacent-dark spacing: the former is 3, whereas
the latter is 5/2.

14. Assertion (A): Energy is released when heavy nuclei undergo fission or light nuclei undergo fusion.
Reason (R): For heavy nuclei, binding energy per nucleon increases with increasing 7 while for light
nuclei, it decreases with increasing ~.

Select the correct answer from the codes given below: [1 mark]

(A) Both Assertion (A) and Reason (R) are true and Reason (R) is the correct explanation of the Assertion
(A).

(B) Both Assertion (A) and Reason (R) are true, but Reason (R) is not the correct explanation of the Assertion
(A).

(C) Assertion (A) is true, but Reason (R) is false.

(D) Both Assertion (A) and Reason (R) are false.

Correct Answer: (C) Assertion (A) is true, but Reason (R) is false.

Solution:

Concept:

* Binding energy per nucleon measures the average energy required to separate a nucleus into free
nucleons; a larger value corresponds to greater nuclear stability.

* Energy is released when a nuclear reaction increases the total binding energy. The binding-energy-
per-nucleon curve rises through the light-nucleus region, reaches a maximum near iron and nickel,
and falls gradually for heavy nuclei.

Step 1: Evaluate the assertion Heavy-nucleus fission produces medium-mass nuclei with higher
binding energy per nucleon. Fusion of suitable light nuclei likewise forms more tightly bound nuclei.
In both cases the products have greater total binding energy and less total rest mass, so the difference
is released as energy. Assertion (A) is true.

Step 2: Evaluate the reason Reason (R) reverses the broad trend of the binding-energy-per-nucleon
curve. In the light-nucleus region, binding energy per nucleon generally increases as nuclear size and
Z increase; in the heavy-nucleus region, it generally decreases. Therefore the printed reason is false.

Step 3: Check the explanatory relation Energy release is explained by the increase in binding energy
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of the products, not by the reversed trends stated in (R). Options (A) and (B) wrongly call the reason
true, while (D) wrongly calls the assertion false. The appropriate code must classify the assertion as
true and the reason as false.

Step 4: Conclusion The assertion is true, but the reason is false. Hence, the correct option is (C).

Quick Tip to Solve: Locate the binding-energy peak near iron: light nuclei move towards it by fusion and
heavy nuclei by fission, releasing energy.

15. Assertion (A): Photoelectric effect is a spontaneous phenomenon.

Reason (R): According to the wave picture of radiation, an electron would take hours/days to absorb
sufficient energy to overcome the work function and come out from a metal surface.

Select the correct answer from the codes given below: [1 mark]

(A) Both Assertion (A) and Reason (R) are true and Reason (R) is the correct explanation of the Assertion
(A).

(B) Both Assertion (A) and Reason (R) are true, but Reason (R) is not the correct explanation of the Assertion
(A).

(C) Assertion (A) is true, but Reason (R) is false.

(D) Both Assertion (A) and Reason (R) are false.

Correct Answer: (B) Both Assertion (A) and Reason (R) are true, but Reason (R) is not the correct

explanation of the Assertion (A).

Solution:

Concept:

* In photoelectric emission, an electron absorbs a photon of energy hv; emission is possible when
hv > ¢, where ¢ is the metal’s work function.

* The observed emission begins essentially immediately after suitable light reaches the surface. The
classical wave model instead predicts gradual energy accumulation at sufficiently low intensity.

Step 1: Evaluate the assertion Here the printed word “spontaneous” refers to the prompt, practically
instantaneous onset of photoelectric emission under suitable illumination. In this intended sense,
A is true. It does not mean that a metal emits photoelectrons without incident radiation; the
threshold-frequency condition must still be met.

Step 2: Evaluate the reason According to the classical wave picture, the incident energy is spread
continuously over the wavefront. At low intensity an electron would need a long time, even hours or
days in the corresponding classical estimate, to collect enough energy to escape. R correctly states
this unsuccessful prediction of the wave model, so R is true.

Step 3: Test the explanatory connection A prediction of delayed emission cannot explain the observed
immediate emission. The immediate transfer of a photon’s energy explains that observation. Thus
option (A) fails the explanation test, while (C) and (D) incorrectly declare R false.

Step 4: Conclusion Both A and R are true in the intended sense, but R is not the correct explanation
of A. Hence, the correct option is (B).

Quick Tip to Solve: Separate an observed feature from a failed classical prediction: a predicted delay cannot
explain instantaneous photoelectric emission.
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16. Assertion (A): Induced emf produced in a coil will be more when the magnetic flux linked with
the coil is more.
Reason (R): Induced emf produced is directly proportional to the magnetic flux.

Select the correct answer from the codes given below: [1 mark]

(A) Both Assertion (A) and Reason (R) are true and Reason (R) is the correct explanation of the Assertion
(A).

(B) Both Assertion (A) and Reason (R) are true, but Reason (R) is not the correct explanation of the Assertion
(A).

(C) Assertion (A) is true, but Reason (R) is false.

(D) Both Assertion (A) and Reason (R) are false.

Correct Answer: (D) Both Assertion (A) and Reason (R) are false.

Solution:

Concept:

* Faraday’s law gives £ = —N d®/dt, where N is the number of turns and ® is the magnetic flux
through one turn.

* The magnitude of induced emf depends on the rate of change of flux linkage, not on the instanta-
neous amount of linked flux.

Step 1: Evaluate the assertion A greater linked flux does not by itself imply a greater induced emf.
For example, a coil in a strong but steady magnetic field with fixed area and orientation can have
large flux and zero emf, because d®/dt = 0. A smaller flux changing rapidly can produce a nonzero
emf. Therefore A is false.

Step 2: Evaluate the reason R states proportionality to flux itself, whereas Faraday’s law states
proportionality to its time derivative. Multiplying a constant flux by any factor still gives zero induced
emf. Therefore R is also false.

Step 3: Match the assertion-reason code Since neither statement correctly identifies the governing
quantity, R cannot explain A. Options (A), (B) and (C) all require A to be true and are ruled out; (A)
and (B) also incorrectly accept R.

Step 4: Conclusion Both the Assertion and the Reason are false. Hence, the correct option is (D).

Quick Tip to Solve: Whenever induced emf is compared, compare |d®/dt|, not the size of ®; large constant
flux induces no emf.
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Section B (10 marks)

17. A light copper ring is freely suspended by a light string. A bar magnet is held horizontally with its
length along the axis of the ring. The magnet is moved towards the ring with its N pole facing the

loop. What will happen to the ring and its position ? Explain. [2 marks]
Solution:
Concept:
* Faraday’s law, £ = —d®p/dt, gives an induced emf when the magnetic flux ® 5 through a conduct-

ing ring changes.
* Lenz’s law fixes the induced current’s direction: its magnetic effect opposes the change of flux that
produces it.

Step 1: Identify the changing flux As the north pole approaches the copper ring along its axis, the
magnet’s field through the ring becomes stronger. Consequently, the linked magnetic flux increases.
Copper provides a closed conducting path, so this changing flux induces an emf and a current in the
ring even though no battery is connected.

Step 2: Determine the induced polarity The ring’s induced magnetic field opposes the increase in
the approaching magnet’s flux. Its face towards the magnet therefore acts as a north pole. By the
right-hand rule, the induced current is anticlockwise when the ring is viewed from the approaching
magnet’s side. This induced polarity depends on the magnet’s motion, rather than being permanent
magnetisation of copper.

Step 3: Determine the ring’s displacement The facing north poles repel. The light suspended ring
is pushed away from the advancing magnet, along the magnet’s axis, and the string deflects from
its initial vertical position. If the relative motion stops, the changing-flux cause disappears and the
induced current decays; the ring has no lasting repulsive force from this mechanism.

Step 4: Conclusion The ring is repelled and moves away from the approaching north pole. Its near
face becomes a north pole by Lenz’s law, so its initial suspended position changes.

Quick Tip to Solve: For an approaching pole, give the near face of a closed conducting ring the same pole: the
induced repulsion opposes the approach.
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18. A ray of light MN is incident normally on the face corresponding with side AB of a prism with an
isosceles right-angled triangular base ABC. Trace the path of the ray as it passes through the prism
when the refractive index of the prism material is (i) v/2, and (ii) /3. [2 marks]

A

Solution:

Concept:

* At normal incidence a ray enters without deviation. In a right isosceles prism, the angle between
the incident ray and the normal to hypotenuse AC is 45°.

* For a prism-to-air boundary, the critical angle C, satisfies sin C, = 1/u. At ¢ = C,, refraction is
grazing; at i > C, total internal reflection occurs.

Step 1: Trace the ray to the hypotenuse The ray MN is perpendicular to AB, so it passes straight into
the prism at N. Let P be the point where it meets AC. Since AC makes 45° with AB and BC, the angle
of incidence at P, measured from the normal to AC, is 7 = 45°.

Step 2: Trace the ray for the first refractive index For u = /2, the critical angle is

1
C. =sin7} — ] = 45°.
= ()
Thus the incidence angle equals the critical angle. Snell’s law gives sinr = v/2sin45° = 1, so r = 90°.
The emergent ray therefore grazes along AC towards C; it is not the total-internal-reflection case.
Step 3: Trace the ray for the second refractive index For p = /3,

1
C, =sin ! <\/§) ~ 35.3°,

Since 45° > C, the ray undergoes total internal reflection at AC. The reflected ray travels vertically
downwards to Q on BC. It strikes BC normally and emerges straight into air, without further deviation.
Its final direction is perpendicular to its original direction.
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Ray paths in air: grazing emergence for j1 = v/2 and total internal reflection for ;. = /3. Dashed lines are normals
at P.

Step 4: Conclusion For (i) v/2, the ray emerges grazing along AC towards C. For (ii) /3, it reflects
totally at AC and then emerges normally through BC, with a net deviation of 90°.

Quick Tip to Solve: Normal entry fixes the internal incidence at 45°; compare this with the critical angle
before drawing the ray at AC.

19. When monochromatic light is incident on a surface separating two media, the refracted and
reflected light both have the same frequency as the incident frequency but the wavelength of refracted
light is different. Explain why. [2 marks]

Solution:

Concept:

* The frequency v of a light wave is fixed by the oscillating source. At a stationary boundary, the
reflected and transmitted disturbances oscillate with the incident frequency.

* Wave speed and wavelength obey v = v . In a medium of refractive index n, the phase speed is
v = ¢/n, where c is the speed of light in vacuum.

Step 1: Explain why the frequencies remain equal At the boundary, the incident light drives the
charges in the material to oscillate at its own frequency. These oscillations produce the reflected and
refracted waves. For the usual stationary interface and linear optical response, the boundary cannot
create a different oscillation rate, so

Vincident = Vreflected = Vrefracted = V-

The wave’s time period therefore remains unchanged in reflection and refraction.

Step 2: Relate the changed speed to the wavelength The refracted wave travels in the second
medium, where its speed differs from that in the first medium. Because the frequency remains fixed,
its wavelength changes in the same ratio as its speed:

c c Ao my

)\1 = = 9 )\2 = — = .
niv nov )\1 ng
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Thus entry into a higher-index medium decreases both speed and wavelength. The reflected wave
remains in the original medium, so its speed and wavelength remain the same as those of the incident
wave.

Step 3: Conclusion Reflection and refraction preserve frequency at a stationary boundary. Refraction
changes the propagation speed, and hence the wavelength, according to A = v/v.

Quick Tip to Solve: Keep frequency fixed at an interface, then scale wavelength with speed: a larger refractive
index means a smaller wavelength.

20. Suppose a pure Si crystal has 5 x 10?® atoms per m?. It is doped with 5 x 10?2 atoms per m?
of Arsenic. Calculate the majority and minority carrier concentration in the doped silicon. (Given:
n; = 1.5 X 1016 m_3) [2 marks]

Solution:

Concept:

* Arsenic is a pentavalent donor impurity. Each ionised donor supplies one conduction electron,
making the silicon an n-type semiconductor with electrons as majority carriers.

* At thermal equilibrium, the electron concentration n and hole concentration p obey the mass-action
law np = n?, where n; is the intrinsic carrier concentration at the same temperature.

Step 1: Identify the majority carriers and their concentration The donor concentration is Np =
5 x 1022m~3, much larger than n; = 1.5 x 10'® m—3. Assuming complete donor ionisation, as usual
for this calculation, the thermally generated electrons make a negligible contribution compared with
donor electrons. Hence,

n=~ Np=>5x10"?m3.

The silicon atom density counts lattice atoms, not free electrons. The stated doping corresponds to
one donor per million silicon atoms, so it is the donor density that determines the majority carrier
concentration.

Step 2: Apply the mass-action law to the minority carriers Holes are the minority carriers. Using the
intrinsic concentration supplied in the question,

_2.25 x 10%

_ 9 -3
The resulting hole density is much smaller than the electron density, consistent with n-type doping.

Step 3: Conclusion The majority carriers are electrons with n ~ 5 x 10?2 m~3, and the minority
carriers are holes with p ~ 4.5 x 10 m~3.

Quick Tip to Solve: For pentavalent doping with Np > n;, use n ~ Np, first and then p = n? /Np; do not use
the silicon lattice atom density as a carrier density.
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21(a). An electric iron rated 2.2 kW, 220V is operated at 110V supply. Find:
(i) its resistance, and

(ii) heat produced by it in 10 minutes. [2 marks]

Solution:

Concept:

* For a resistive appliance, electrical power is P = V2 /R, where V is the potential difference and R
is its resistance. The rated voltage and rated power determine its resistance.

e Joule’s law gives the heat produced in time ¢t as H = Pt = V?t/R. Assume that the iron’s resistance
remains unchanged when it is connected to the lower supply voltage.

Step 1: Calculate the resistance from the ratings The rating means the iron consumes 2.2 kW = 2200 W
when connected to 220V. Therefore,
| % (220)2

R = _foted _ =22Q.
Pated 2200

Use the rated voltage here because the stated power belongs to the rated operating condition. The
power drawn at the new voltage must be calculated separately.

Step 2: Find the heating at the actual supply voltage On the 110V supply, the power is

(110)?
22

B = = 550 W.

Convert the heating time to seconds: ¢t = 10 x 60 = 600s. The electrical energy converted into heat is
then
H = P't = 550 x 600 = 3.3 x 10° J.

Halving the voltage reduces the heating power to one quarter when the resistance is constant, agreeing
with 550 W = 2200 W/4.

Step 3: Conclusion (i) The resistance of the iron is 22 ). (ii) The heat produced in 10 minutes at
110V is 3.3 x 10° J, or 330 kJ.

Quick Tip to Solve: Find resistance using the rated pair first. At half the rated voltage, use one quarter of the
rated power and convert minutes to seconds before calculating heat.

OR

21(b). A current of 4.0 A flows through a wire of length 1 m and cross-sectional area 1.0 mm?, when
potential difference of 2V is applied across its ends. Calculate the resistivity of the material of the
wire. [2 marks]

Solution:

Concept:

* Ohm’s law relates the resistance R of the wire to the applied potential difference V' and current I:
R=V/I.

* For a uniform wire of length L and cross-sectional area A, R = pL/A, where p is the resistivity of
the material. Thus p = RA/L, measured in ) m.
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Step 1: Calculate the resistance of the wire The applied potential difference is V' = 2V, and the
resulting current is I = 4.0 A. The resistance of this particular wire is therefore

Vo2
=2 == =0500.
R= % =5 =050

Resistance depends on the length and area of the specimen, whereas resistivity is a property of its
material at a specified temperature.

Step 2: Convert the area and evaluate the resistivity The given area must be expressed in square
metres. Since 1 mm = 102 m, squaring this conversion gives

A=1.0mm? = 1.0 x 10" °m?.
Substitute this area and L = 1 m into the relation for resistivity:

_RA _050x1.0x107°

— =T
i 1 =5.0x10""Qm.

p

The unit follows from resistance times area divided by length: Qm?/m = Qm.

Step 3: Conclusion The resistivity of the wire material is p = 5.0 x 107 Qm.

Quick Tip to Solve: Use p = VA/(IL) for a direct calculation, but first convert mm? to m? by multiplying by
1076,

Section C (21 marks)

22. What is meant by displacement current? A capacitor is being charged by a battery. Show that the
Ampere-Maxwell law justifies the continuity and constancy of the current flowing in the circuit.

[3 marks]

Solution:

Concept:

* Displacement current is the current associated with a time-varying electric flux. In vacuum
(approximately in air), it is I; = €9 d® g /dt, where @ is electric flux and ¢ is the permittivity of
free space. It does not require charge transport across the capacitor gap.

* The Ampere-Maxwell law is B-dl = wo(I. + Iz), where I, is the conduction current and both

c
currents are evaluated through a surface bounded by the same closed curve C.

Step 1: Express the changing electric flux between the plates Consider a parallel-plate capacitor with
plate area A and instantaneous plate charges +Q(¢) and —Q(t). Neglecting fringing, the field in the
air gap is uniform and normal to the plates:

Q

E="*
&T()A7

@E:EA:Q.
€0

As the battery charges the capacitor, ) changes, so the electric flux through the gap changes even
though no conduction charge crosses the insulating gap.

Step 2: Compare displacement current with the wire current The conduction current in a connecting
wire is the rate at which charge reaches the plate, I. = dQ/dt. Therefore, the displacement current in
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the gap is
ddp d <Q>_dQ_

L= ZE 2 ()= _,
d= 07 T\ 5 ar °

Thus the current entering one plate has the same instantaneous magnitude as the displacement
current through the gap and the conduction current leaving the other plate.

Step 3: Apply the law to two surfaces with the same boundary Choose a closed loop around a
connecting wire. A surface bounded by this loop that cuts the wire carries conduction current
I. = I. A second surface with the same boundary can bulge between the capacitor plates; it has no
conduction current, but carries displacement current /; = I. In the usual ideal-capacitor treatment,
the Ampere-Maxwell law gives the same result for either surface:

fﬁ-dizuof.
C

The displacement term removes the apparent interruption of current at the capacitor. Here constancy
means the same total current at every cross-section at a given instant. It does not mean a constant
current in time: the charging current generally decreases as the capacitor charges.

Step 4: Conclusion Displacement current is I; = o d®g/dt. For the charging capacitor, I; = I. =
dQ/dt, so the Ampere-Maxwell law ensures continuity and the same instantaneous current throughout
the circuit, including the gap.

Quick Tip to Solve: Start with 5 = Q) /e for the capacitor gap and differentiate. The equality [, = dQ/dt = 1.
proves current continuity immediately.

23. (a) Can a transformer step up or step down dc power supply?
(b) Can a step up transformer work as a step down transformer?

(c) Does a step up transformer contradict the principle of conservation of energy? Justify your
answer. [3 marks]

Solution:

Concept:

* A transformer works by mutual induction: an alternating current in the input winding produces
changing magnetic flux ® in the core, inducing emf ¢ = —N d®/dt in a winding of N turns.

e For an ideal transformer, V;/V,, = N,/N, and VI, = V,I,, where p and s denote the input and
output windings and the voltages and currents are rms values.

Step 1: (a) Check whether dc produces changing flux With a steady dc supply, the current and hence
the magnetic flux become constant after the switching transient. Therefore d®/dt = 0, so there is
no sustained induced emf in the secondary. A transformer cannot step up or step down a dc power
supply. A brief emf at switching does not provide continuous transformed dc; the low resistance of
the primary can also cause excessive current and heating.

Step 2: (b) Interchange the input and output windings Yes. In a step-up connection, the input is
applied to the winding with fewer turns and the output is taken from the winding with more turns. If
an appropriate ac input is applied to the winding with more turns and the output is taken from the
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winding with fewer turns, their functions reverse. The new ratio is

Vout o Nfewer <
Vi Nmore

Thus it acts as a step-down transformer, provided the winding voltage and current ratings are
respected.

Step 3: (c) Compare the input and output power In an ideal step-up transformer, the increased
output voltage is accompanied by a decreased output current:
Is _Vp _ Ny

I, Vs Ns
Hence VI, = V,I,,: increasing voltage does not increase the available power. In a practical transformer,

some input energy becomes heat through winding resistance and core losses, so the useful output
power is smaller than the input power.

Step 4: Conclusion (a) No, steady dc cannot be transformed. (b) Yes, by interchanging the winding
roles within their ratings. (c) No, a step-up transformer obeys energy conservation: higher voltage
comes with lower current, and practical losses reduce output power.

Quick Tip to Solve: First check for changing flux; then use the turns ratio for voltage and its reciprocal for
current. A higher voltage alone never implies higher power.

24. Draw a circuit diagram of a full-wave rectifier using p-n junction diodes. Explain its working and
show the input-output waveforms. [3 marks]

Solution:

Concept:

* A p-njunction diode conducts appreciably when forward biased and blocks current when reverse bi-
ased. A rectifier uses this one-way conduction to obtain a unidirectional output from an alternating
input.

* A centre-tapped transformer supplies two equal secondary voltages of opposite polarity relative to
its centre tap C. Two diodes conduct on alternate half-cycles, maintaining the same direction of
current through the load resistance Rj.

Step 1: Connect the two-diode rectifier Connect the anodes of diodes D; and D to the secondary
ends A and B. Join their cathodes at the positive output terminal and connect R; between that
terminal and the centre tap C. The transformer primary receives the ac input. The wire bridge in the
diagram indicates a crossing without electrical contact.
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Centre-tapped full-wave rectifier; the two diode cathodes join at the positive output.

Step 2: Follow the positive half-cycle When A is positive relative to C, B is negative. Diode D; is
forward biased and conducts, while D, is reverse biased and blocks. Conventional current follows
A — Dy — R — C, returning through the upper half of the secondary. It flows downwards through
R}, making its upper terminal positive.

Step 3: Follow the negative half-cycle During the next half-cycle, B is positive and A is negative
relative to C'. Now D, conducts and D; blocks. The path is B —+ Dy — Ry — C, returning through
the lower half of the secondary. Current again flows downwards through the load, so its polarity
remains unchanged.

Step 4: Relate the input and output waveforms For ideal diodes, let the voltage of A relative to C be
vac = Vipsinwt. The other half-secondary voltage is vgc = —V,, sinwt. Whichever end is positive
supplies the load, giving

Vout = Vin| sinwt|.

The graph shows the ac waveform of one half-secondary and the load output. Both input half-cycles
produce positive output pulses, so the output repeats after 7'/2 and its ripple frequency is 2 f, where
T =1/f. Real diode drops slightly reduce the peaks; without a filter the output is pulsating dc.
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Ideal input and output waveforms; output pulses recur every half input period.

Step 5: Conclusion A centre-tapped transformer and two p-n junction diodes form a full-wave rectifier.
The diodes conduct alternately, while load current has the same direction on both half-cycles. The
output is pulsating dc with twice the input frequency.

Quick Tip to Solve: Mark the centre tap first and trace each conducting path through the load. Both paths
must give the same load-current arrow; the negative input half-cycle becomes a positive output pulse.

25. Two point charges ¢; = 2.5 x 1077 C and g2 = —2.5 x 10~7 C are located at points (0,0, —15cm) and
(0,0,15 cm) respectively. Find:

(a) the electric dipole moment of the system, and

(b) the magnitude and direction of the electric field at the origin (0,0, 0). [3 marks]

Solution:

Concept:

* The electric dipole moment is 5 = ¢(7; — 7—), where ¢ is the positive charge magnitude. It points
from the negative charge to the positive charge, and its magnitude is charge times separation.

* A point charge produces field magnitude E = k|q|/r?, with k = 1/(47eo). The field points away
from a positive charge and towards a negative charge. The net field is the vector sum of the
individual fields.

Step 1: (a) Identify the separation vector Choose Z along the positive z-axis. The positive charge is
at z = —0.15m and the negative charge at = = +0.15m. The vector from the negative charge to the
positive charge is

7 — 7 = (—0.15— 0.15)2 = —0.302 m.

Therefore the dipole moment is

P=(2.5x10"7)(-0.30)2 = —7.5 x 10782C m.
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Its magnitude uses the full charge separation, 30 cm, and its direction is the negative z-direction.

Step 2: (b) Determine both field directions at the origin The origin lies midway between the charges,
0.15m from each. The field of the positive charge at z = —0.15 m points away from it, towards +2.
The field of the negative charge at z = +0.15 m points towards it, also towards +Z. Thus the equal
field magnitudes add; they do not cancel even though the net charge is zero.

Step 3: Add the two Coulomb fields Using k = 9 x 10° N m?C~2, the field magnitude due to either

charge is

(9 x 10%)(2.5 x 1077)
(0.15)2

Ei=FEy = =1.0x10°NCc 1.

Superposition gives

E(0) = (E1 4+ E3)2 =2.0 x 10°2N C 1.
Direct addition is appropriate because the origin is between the charges; a far-field axial dipole
approximation cannot be used there.

Step 4: Conclusion (a) p = —7.5 x 10782C m, directed from the negative charge to the positive
charge. (b) E = 2.0 x 10°N C~!, along the positive z-axis, opposite to the dipole moment.

Quick Tip to Solve: Use the full separation for dipole moment and the half-separation for each midpoint field.
Between unlike charges, the electric fields point the same way and add.

26. Photoemission of electrons occurs from a metal (¢ = 1.96 €V) when light of frequency 6.4 x 10'* Hz
is incident on it. Calculate:

(a) Energy of a photon in the incident light,
(b) The maximum kinetic energy of the emitted electrons, and
(c) The stopping potential. [3 marks]

Solution:

Concept:

* A photon of frequency v carries energy E = hv, where h is Planck’s constant.
* Einstein’s photoelectric equation is Ky,.x = hv — ¢g, Where ¢ is the work function, the minimum
energy needed to liberate an electron.

* The stopping potential has magnitude V; = Ky,.x/e, where e is the magnitude of the electron
charge; 1eV = 1.6 x 10719 J.

Step 1: (a) Calculate the incident photon energy Use the supplied value h = 6.63 x 10734 J s and the
incident frequency v = 6.4 x 10'4 Hz:

E = hv = (6.63 x 10734)(6.4 x 10*%)
=4.2432 x 107197,

42432 x 1071

E= V = 2.652eV.
16x10-1 = 2052€

This exceeds the work function 1.96 €V, so the incident photons can cause photoemission.

Step 2: (b) Subtract the work function Each emitted electron uses part of the photon energy to escape
from the metal. An electron that escapes without losing any additional energy has the maximum
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kinetic energy:
Knax = F — ¢ = 2.652 — 1.96

= 0.692¢eV,
Kax = 0.692(1.6 x 1071%) = 1.1072 x 10719 J.

The subtraction uses energies expressed in the same unit. Electrons losing energy inside the metal
emerge with kinetic energies below this maximum.

Step 3: (c) Find the retarding voltage At the stopping potential, the retarding electric field just
prevents even the fastest photoelectrons from reaching the collector. Hence,

11072 x 1071

eVs = Kmax, Vs = T6x10-0 — 0.692V.

This is the magnitude of the stopping potential; the collector is negative relative to the emitting
surface.

Step 4: Conclusion (a) E ~ 4.24 x 107197 = 2.65eV; (b) Knax ~ 1.11 x 107197 = 0.692¢eV; (c)
Vs = 0.692V in magnitude.

Quick Tip to Solve: Keep extra digits until subtracting the work function. Once K.y is in €V, its numerical
value directly gives the stopping potential in volts.

27(a). (i) Write any two features of nuclear forces.

(ii) If both the number of protons and the neutrons are conserved in each nuclear reaction, in what
way is mass converted into energy (or vice versa) in a nuclear reaction? Explain. [3 marks]

Solution:

Concept:

* Nuclear forces bind protons and neutrons, collectively called nucleons, inside a nucleus. Their
behaviour is different from that of the long-range electrostatic force.

¢ Nuclear binding energy B is related to the mass defect by B = Am c?, where c is the speed of light.

* The energy released by a nuclear reaction is Q = (M; — M f)c2, where M; and M are the total rest
masses of the initial and final particles.

Step 1: (i) State two features of nuclear forces Short range: The nuclear force is effective only
over distances of the order of a few femtometres, with 1 fm = 10~!® m. It becomes negligible when
nucleons are separated by distances much larger than nuclear dimensions.

Approximate charge independence: After excluding the electrostatic interaction, the nuclear
interaction between two protons, two neutrons, or a proton and a neutron is approximately the same
for comparable states. Thus nuclear attraction does not arise from the electric charge of the nucleons.

Step 2: (ii) Relate nuclear mass to binding energy A bound nucleus has a smaller rest mass than its
constituent free nucleons. For a nucleus containing Z protons and N neutrons,

M:Zmp—i-Nmn—g,

where m,, and m,, are the free proton and neutron masses. Therefore, preserving the numbers of
protons and neutrons does not require the total rest mass of the nuclei to remain unchanged: their
binding energies can change when the nucleons rearrange.
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Step 3: Compare the initial and final binding energies With the same total numbers of protons and
neutrons on both sides, the free-nucleon mass terms cancel. If B; and B; denote the sums of the
initial and final binding energies,

Q = (M; — My)? = By — B,;.

If the products are more tightly bound in total, then B; > B; and My < M;; the decrease in rest mass
appears as kinetic energy of the products and/or emitted radiation. Conversely, forming less tightly
bound products requires supplied energy and increases their total rest mass. In both directions, total
mass-energy is conserved although rest mass alone need not be.

Step 4: Conclusion Nuclear forces are short-ranged and approximately charge-independent. Even
when proton and neutron numbers are conserved, a change in total binding energy changes the total
rest mass, with Q = (M; — My)c>.

Quick Tip to Solve: Keep nucleon counts separate from nuclear masses: unchanged counts cancel the
free-nucleon terms, leaving the binding-energy difference as the reaction energy.

OR

27(b). (i) Draw the number of scattered particles versus the scattering angle graph for scattering of
alpha particles by a thin foil. Write two important conclusions that can be drawn from this plot.

h
(ii) If Bohr’s quantization postulate (angular momentum = Z—) is a basic law of nature, it should be

71'
equally valid for the case of planetary motion also. Why, then, do we never speak of quantization of
orbits of planets around the Sun? Explain. [3 marks]

Solution:

Concept:

* In Rutherford scattering, most alpha particles pass through a thin foil with little deflection. For
equal detector acceptance, the scattered count varies as N(f) o 1/sin*(6/2), where 0 is the
scattering angle.

* Bohr’s angular-momentum condition is L = nh, with 7 = h/(27) and positive integer n. Adjacent
allowed values differ by AL = h.

Step 1: (i) Sketch the scattering distribution Plot the number IV of detected scattered alpha particles
vertically and their scattering angle ¢ horizontally, keeping the detector acceptance and the incident
beam conditions fixed. The count is very large at small angles, falls rapidly as the angle increases, and
is very small but nonzero at large angles, including backward scattering. The curve below shows this
qualitative trend; its vertical scale is schematic.
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Qualitative alpha-particle scattering distribution; vertical scale not to scale.

Step 2: Infer two properties of the atom Most of an atom is empty space: The predominance of
particles with negligible or small deflection shows that most alpha particles traverse the atom without
a close encounter with a concentrated charge.

The positive charge and almost all the mass occupy a tiny nucleus: The small number of large-
angle and backward deflections requires a very strong repulsive interaction in a very small region. This
is produced when a positively charged alpha particle passes close to a compact, positively charged,
massive nucleus. The rarity of such deflections shows that the nucleus is much smaller than the atom.

Step 3: (ii) Compare orbital angular momentum with its quantum A planet has an enormous
orbital angular momentum L because its mass and orbital dimensions are macroscopic. If the stated
quantization condition is applied, its quantum number is therefore extremely large:

L 1 AL h 1 .

n— — _— = = — .

h ’ L L n
Thus adjacent allowed angular momenta differ by a completely negligible fraction of the planetary
angular momentum. Corresponding allowed orbits are so closely spaced that their separation cannot
be resolved in ordinary observations. The orbits consequently appear continuous, and classical
mechanics is an excellent description; this does not require the quantum spacing to be exactly zero.

Step 4: Conclusion The sharply decreasing scattering curve shows that atoms are mostly empty
space with a tiny, positively charged, massive nucleus. Planetary orbital quantization is unobservable
because the relevant quantum numbers are immense and adjacent allowed orbits are exceedingly
close.

Quick Tip to Solve: Link the many small-angle events to empty space and the rare backward events to the
nucleus. For planets, compare i with L, rather than merely calling ~ small.
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28. Write the expression for the magnetic field due to a current element in vector form. Consider
a 1 cm segment of a wire, centered at the origin, carrying a current of 10 A in positive z-direction.
Calculate the magnetic field B at a point (1m, 1m, 0). [3 marks]

Solution:

Concept:
po Idlx i po Idlx 7

A r2 dr 73
Here d/ points along the current, and # points from the element to the observation point.

* Biot-Savart law gives the magnetic field of a current element: dB =

* The magnetic field is perpendicular to both the current element and the displacement vector. Its
direction follows the cross product, with i x j = k; in vacuum s /(47) = 107 Tm A~".

Step 1: Identify the short current element and displacement The segment is centred at the origin and
has length 1 cm = 10~2 m. Its current is directed along the positive x-axis. The displacement from its
centre to the field point is therefore

Al=10"%m, F=(G+j)m,  r=+2m

Since the segment length is much smaller than its distance from the field point, use the short-current-
element approximation, taking the displacement as that from the centre. This is the approximation
appropriate to the supplied current-element question.

Step 2: Evaluate the cross product and substitute Only the transverse component of 7 contributes; its
component parallel to the wire has zero cross product with A/:

Alx7=10"% x (i+J) = 1072k m?.
Thus the direction is positive z, and substitution in Biot-Savart law gives

= 10 x 1072 -
Bo10 T2 kT
(v2)?
1078 . -
= ——kT=354x10"T.

2v2
The r3 denominator belongs to the form containing 7; using r? with this unnormalised displacement
would give an incorrect result.

pol dl x i

5—- For the given short segment, B ~ 3.54 x

Step 3: Conclusion The vector law is dB =

T T
10~k T, directed along the positive z-axis.

Quick Tip to Solve: For a wire along z, first take 7 x (i + ;) = k; then use 3 = (1/2)3 with the displacement-
vector form.
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Section D (8 marks)

Questions number 29 and 30 are Case Study-based questions. Read the following paragraphs and answer the
questions that follow.

29. The electric potential V' and electric field E are closely related concepts in electrostatics. The
electric field is a vector quantity that represents the force per unit charge at a given point in space,

whereas electric potential is a scalar quantity that represents the potential energy per unit charge at
av

r
and E = E,#, i.e., electric field is the negative gradient of the electric potential. This means tlilat
electric field points in the direction of decreasing potential and its magnitude is the rate of change of
potential with distance. The electric field is the force that drives a unit charge to move from higher
potential region to lower potential region and electric potential difference between the two points
determines the work done in moving a unit charge from one point to the other point.

a given point in space. Electric field and electric potential are related by the equations E, = —

A pair of square conducting plates having sides of length 0.05 m are arranged parallel to each other in
z-y plane. They are 0.01 m apart along z-axis and are connected to a 200V power supply as shown
in the figure. An electron enters with a speed of 3 x 10" m s~! horizontally and symmetrically in the
space between the two plates. Neglect the effect of gravity on the electron. [4 marks]

+ pes
200V = 00lm e—3x10" ms!

L

«— 005bm—m-—

Z

29(i). The electric field E in the region between the plates is: [1 mark]
V) -

(A) (2 x 107 ) k
m

(B) — <2 x 102 V) k
m
(@) <2 x 10% V> k
m
(D) — (2 X 104V> k
m

Correct Answer: (C) (2 x 10% r\r/1> k

Solution:

Concept:

* Between parallel conducting plates, the uniform electric-field magnitude is £ = AV/d, where AV
is the potential difference and d is the plate separation; edge effects are neglected.

* Electric field points from the positive plate to the negative plate, in the direction of decreasing
potential. Its direction is independent of the sign of a test charge.

Step 1: Determine the field magnitude The applied voltage is 200V, and the separation is 0.01 m, not
the plate length 0.05 m. Therefore,

E="=2%x10"Vvm .
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Options (A) and (B) have a magnitude smaller by a factor of one hundred.

Step 2: Determine the vector direction The upper plate is connected to the positive terminal and
the lower plate to the negative terminal. The plates are separated along z, and the indicated positive
z-sense is from the upper plate towards the lower plate. Thus the field is along +k. Option (D)
reverses this direction; the negative charge of the electron reverses its force, not the electric field.

Step 3: Conclusion E = (2 x 10*V m*I)IAf. Hence, the correct option is (C).

Quick Tip to Solve: Divide by the 0.01 m plate gap, then follow the battery polarity from the positive plate to
the negative plate to set the sign of k.

29(ii). In the region between the plates, the electron moves with an acceleration @ given by: [1 mark]

(A) —(3.5 x 10" ms~2) k

(B) (3.5 x 10> ms—2) k

(C) (3.5 x 103 ms~2) 4

(D) —(3.5 x 108 ms—2)

Correct Answer: (A) —(3.5 x 10> ms~2) k

Solution:

Concept:

* The electric force on a charge is F = ¢FE, so its acceleration is @ = ¢E /m, with m the particle mass.
* An electron has charge ¢ = —e = —1.6 x 10~!? C and mass m. = 9.1 x 10~3! kg. Its acceleration is
opposite to the electric field, irrespective of its initial velocity.

Step 1: Obtain the electric field and force direction The upper plate is positive and the lower plate
negative; the field follows the indicated positive z-sense. Hence
200 -

E= mkv m!=2x10*%Vm

A~

The electron is attracted towards the upper, positive plate, so its acceleration has the direction —k.

Step 2: Substitute the electron charge and mass Applying Newton’s second law gives

(1.6 x 10719)(2 x 10%)

o1 loa k=-352x10%kms?.

a=—

Option (B) has the force direction appropriate to a positive charge. Options (C) and (D) incorrectly
put the acceleration along the initial horizontal velocity and also give the wrong magnitude; the field
has no xz-component.

Step 3: Conclusion @ ~ —(3.5 x 10'® m s~2)k. Hence, the correct option is (A).

Quick Tip to Solve: First set the field direction from the plate polarity, then multiply by the electron’s negative
charge; do not use its horizontal velocity to choose the acceleration direction.
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29(iii)(a). Time interval during which an electron moves through the region between the plates
is: [1 mark]
(A) 9.0 x 10795

(B) 1.67 x 107 %

(C) 1.67 x 10795

(D) 2.17x 10795

Correct Answer: (C) 1.67 x 10795

Solution:

Concept:

* In a uniform electric field perpendicular to the initial velocity, the horizontal acceleration is zero.
The horizontal speed u, remains constant, so the transit time across plate length L is t = L/u,.

* The electron starts midway between the plates with zero transverse velocity. Its transverse
displacement is s = %at2, which must remain below the half-gap d/2 for it to emerge without
hitting a plate.

Step 1: Use the horizontal motion The field acts across the plate gap, not along the horizontal path.

The electron therefore covers L = 0.05m at the unchanged horizontal speed 3 x 10" m s~ !:

0.05
t=——-=1. 107 9s.
3% 107 67 x 107 7s

Option (B) is ten times too large; options (A) and (D) also do not equal length divided by horizontal
speed.

Step 2: Check that the electron reaches the end The acceleration magnitude is ¢(200/0.01)/m, =~
3.52 x 10> m s=2. During the transit, the transverse displacement is

s = 3(3.52 x 10"°)(1.67 x 107%)% ~ 4.9 x 10~ m.

This is just below the half-gap 0.005 m, so no earlier collision shortens the calculated transit time. The
increased total speed does not change the horizontal-speed calculation.

Step 3: Conclusion The time spent between the plates is 1.67 x 10~?s. Hence, the correct option is

©.

Quick Tip to Solve: Use the plate length 0.05 m for transit time, and reserve the plate gap 0.01 m for calculating
the electric field.
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OR

29(iii) (b). The vertical displacement of the electron which travels through the region between the
plates is: [1 mark]
(A) 10 mm

(B) 4.9mm

(C) 5.9mm

(D) 3.0mm

Correct Answer: (B) 4.9 mm

Solution:

Concept:

* The horizontal speed remains constant because the electric force is perpendicular to it. The transit
time is ¢t = L/u,, where L is the plate length and wu, is the initial speed.

* The transverse acceleration magnitude is a = eE/m., with E = AV/d. The electron enters
horizontally, so its initial transverse velocity is zero and its displacement magnitude is s = %atz.

Step 1: Find the transit time and acceleration For plate length 0.05m, gap 0.01 m and voltage 200V,

0.05

t=—"—=1.667x107"°

3% 107 S

(1.6 x 10719)(200/0.01) 5o 3
a= 91 x 1031 =352x10°ms™~.

The acceleration is towards the positive, upper plate because the electron is negatively charged.

Step 2: Calculate the transverse displacement Using the zero initial transverse velocity gives
1
s = 5(352x 101%)(1.667 x 107%)? = 4.89 x 107> m ~ 4.9 mm.

The result is below the 5 mm distance from the midpoint to a plate, so the electron emerges without
striking it. Option (A), 10 mm, is the entire gap, not the displacement; (C) exceeds the available
half-gap and (D) does not follow from the acceleration and transit time.

Step 3: Conclusion The electron is displaced by approximately 4.9 mm towards the positive plate.
Hence, the correct option is (B).

Quick Tip to Solve: Calculate L/u, first and square that time in s = at?/2; compare the result with half the
gap, since the electron enters midway between the plates.
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29(iv). Which one of the following is the path traced by the electron in between the two plates?
[1 mark]

B

d

(A) a
(B)b
Qc
(D) d
Correct Answer: (B) b

Solution:

Concept:

* An electron in a uniform electric field has constant acceleration opposite to the field. Thus it bends
towards the positive plate.

* Uniform horizontal motion combined with uniformly accelerated transverse motion produces a
parabola. With entry as origin, « = u,t and z = }a.t?, hence z = a.2%/(2u2).

Step 1: Identify the direction of bending The battery connects the upper plate, labelled B in the path
diagram, to its positive terminal. The electron has negative charge and is attracted towards this upper
plate. Its initially horizontal path therefore bends upwards. Curve ¢ bends towards the negative plate
and cannot be the electron’s path.

Step 2: Select the curve with the correct shape The horizontal speed stays constant while the upward
transverse speed grows with time. Eliminating time gives a displacement proportional to 2, so the
path is a parabola that begins with a horizontal tangent. The upward-curving path b has this behaviour.
Path a would require no transverse force, while the straight inclined path d would require a constant
transverse velocity instead of a growing one.

Step 3: Conclusion The electron follows the upward parabolic path b, towards the positive upper
plate. Hence, the correct option is (B).

Quick Tip to Solve: Apply two checks to the drawn choices: a negative electron bends towards the positive
plate, and constant transverse acceleration makes the path curved rather than straight.
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30. In a Young’s double-slit experiment, the two slits behave as coherent sources. When coherent
light waves superpose over each other they create an interference pattern of successive bright and
dark regions due to constructive and destructive interference.

Two slits 2 mm apart are illuminated by a source of monochromatic light and the interference pattern

is observed on a screen 5.0 m away from the slits as shown in the figure. [4 marks]
4(mm)
Light . 50m 30
. 2:5
wavelength A 2.0
E— | P 15
T
_— 2:0 mm 0
| I ~05
-10
—_ | -15
-2-0
—-25
i -30
Screen
30(i). What property of light does this interference experiment demonstrate? [1 mark]

(A) Wave nature of light

(B) Particle nature of light

(C) Transverse nature of light

(D) Both wave nature and transverse nature of light

Correct Answer: (A) Wave nature of light

Solution:

Concept:

* Interference is the redistribution of intensity when coherent waves superpose with a fixed phase
difference.

* Both longitudinal and transverse waves can interfere; polarisation specifically demonstrates trans-
verse nature.

Step 1: Identify the cause of the fringes The two coherent light waves reinforce at points of
constructive interference and cancel at points of destructive interference. The resulting successive
bright and dark fringes are therefore evidence of wave superposition.

Step 2: Distinguish wave behaviour from transverse character An interference experiment does not
test the direction of vibration relative to propagation. Thus it cannot establish transverse nature, so
options (C) and (D) add an unsupported claim. The observed interference also does not demonstrate
particle nature, ruling out (B).

Step 3: Conclusion The experiment demonstrates the wave nature of light. Hence, the correct option
is (A).

Quick Tip to Solve: Associate interference with wave nature and polarisation with transverse nature; they test
different properties.
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30(ii)(a). The wavelength of light used in this experiment is: [1 mark]
(A) 720nm
(B) 590 nm
(C) 480 nm
(D) 364 nm

Correct Answer: (C) 480 nm

Solution:

Concept:

* In Young’s double-slit experiment, fringe width is 5 = AD/d, where X is wavelength, D is screen
distance and d is slit separation.
* Fringe width is the distance between successive bright fringes, or between successive dark fringes.

Step 1: Read the fringe spacing from the figure The central bright fringe is at zero and the next bright
fringes are at approximately 1.2mm and 2.4 mm. Thus 5 = 1.2mm. Use the spacing of equivalent
fringes, not the separation of a neighbouring maximum and minimum.

Step 2: Calculate the wavelength With d = 2.0 x 10~®*m and D = 5.0m,

_pd_ (12X 1073)(2.0 x 1073)

=48 x 10" " m.
D 0 8x107'm

A

The wavelengths in options (A), (B) and (D) would give fringe widths of 1.80, 1.475 and 0.91 mm,
respectively, which do not fit the plotted spacing.

Step 3: Conclusion The wavelength is 480 nm. Hence, the correct option is (C).

Quick Tip to Solve: Read one full bright-to-bright interval, then use A = 8d/D with both millimetre lengths
converted to metres.

OR
30(ii)(b). The fringe width in the interference pattern formed on the screen is: [1 mark]
(A) 1.2mm
(B) 0.2mm
(C) 4.2mm
(D) 6.8 mm

Correct Answer: (A) 1.2mm

Solution:

Concept:

* Fringe width S is the separation between successive maxima or between successive minima in a
Young’s double-slit pattern.

* A bright fringe and its adjacent dark fringe are separated by 3/2, so they must not be treated as
successive equivalent fringes.

Step 1: Locate equivalent fringes in the plotted pattern The central maximum is at y = 0. The
adjacent maxima are approximately at y = +1.2 mm, with the next maxima at y = +£2.4mm. The
equally spaced minima are consistent with the same period.
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Step 2: Measure one complete fringe interval Taking consecutive bright fringes on the positive side
gives

B=y2—y1 =(24—12)mm = 1.2mm.
Option (B) is much smaller than the repeated fringe spacing; options (C) and (D) exceed several
visible fringe intervals. None represents the separation between adjacent equivalent fringes.

Step 3: Conclusion The fringe width is 1.2 mm. Hence, the correct option is (A).

Quick Tip to Solve: Measure between two neighbouring peaks of the intensity curve, not between a peak and
the nearest zero.

30(iii). The path difference between the two waves meeting at point P, where there is a minimum in
the interference pattern is: [1 mark]
(A) 8.1 x 107 "m

(B) 7.2 x 10~ "m

(©) 6.5 x 10" m

(D) 6.0 x 10" m

Correct Answer: (B) 7.2 x 10" m

Solution:

Concept:

* At a screen coordinate y, the magnitude of the path difference is A ~ dy/D, where d is slit
separation and D is screen distance.

* A dark fringe satisfies A = (2n — 1)A\/2, with n = 1,2, ... counted outward from the central bright
fringe.

Step 1: Identify the minimum at P The first dark fringe above the central maximum lies near 0.6 mm.
Point P is the second minimum, near yp = 1.8 mm, between the bright fringes at 1.2 mm and 2.4 mm.

Step 2: Calculate and check the path difference Substituting the screen coordinate and the given
apparatus dimensions gives

(2.0 x 1073)(1.8 x 1073)
5.0

A = =72x10 "m.

This also equals 3)\/2 for A = 480 nm, as required at the second minimum. The other options give
A /X = 1.6875, approximately 1.354, and 1.25, none of which is an odd half-integer.

Step 3: Conclusion The path difference at P is 7.2 x 10~" m. Hence, the correct option is (B).

Quick Tip to Solve: Count dark fringes outward from the central maximum: the first has \/2, while the second
has 3\/2.
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30(iv). When the experiment is performed in a liquid of refractive index greater than 1, then fringe
pattern will: [1 mark]
(A) disappear

(B) become blurred

(C) be widened

(D) be compressed

Correct Answer: (D) be compressed

Solution:

Concept:

* In a liquid of refractive index p, light’s frequency stays fixed and its wavelength becomes \' = A/ p.
* Fringe width is 8 = AD/d, where D is screen distance and d is slit separation.

Step 1: Find the change in wavelength Since x > 1, uniform immersion reduces the wavelength from
A to A\/p. The slit separation and screen distance remain fixed.

Step 2: Compare the fringe widths Substitution of the shorter wavelength gives

ND \D
_¥D_2D 5,

g ==
d pud p

Adjacent fringes move closer together. Uniform immersion preserves coherence, ruling out disappear-
ance or blurring in (A) and (B). Widening in (C) would require a longer wavelength, whereas the
wavelength decreases here.

Step 3: Conclusion The fringe pattern is compressed. Hence, the correct option is (D).

Quick Tip to Solve: For uniform immersion with fixed geometry, divide fringe width by the refractive index.

Section E (15 marks)

31(a). (i) A parallel beam of monochromatic light falls normally on a single slit of width 'a’ and a
diffraction pattern is observed on a screen placed at distance D from the slits. Explain:

(D) the formation of maxima and minima in the diffraction pattern, and
(I1) why the maxima go on becoming weaker and weaker with its increasing number (n).

(ii) Write any two points of difference between interference pattern due to double-slit and diffraction
pattern due to single-slit. [5 marks]

Solution:

Concept:

* By the Huygens-Fresnel principle, all parts of a uniformly illuminated slit act as coherent secondary
sources. Their waves interfere at each point of the screen.
* For slit width a, wavelength \ and observation angle 6, the path difference between the two
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extreme rays is a sin 6. For a distant screen, y ~ D@, where y is measured from the centre and D is
the screen distance.
* The single-slit intensity is I = Iy(sin 3/3)?, where 8 = Tasin /) and I is the central intensity.

Step 1: (i)(I) Explain the central maximum At the screen centre, §# = 0, so light from every part
of the slit travels the same optical distance. All secondary wavelets reach this point in phase; their
amplitudes add constructively. This gives the brightest, central maximum. The intensity formula is
understood by its limit sin /8 — 1 at § = 0.

Step 2: (i) (I) Obtain the minima by pairing wavelets For asinf = )\, divide the slit into two equal
halves. Every wavelet in the upper half can be paired with a corresponding one a distance a/2 below
it. The path difference within each pair is (a/2) sin# = \/2, so the pair cancels. Thus the resultant
amplitude is zero and the first minimum forms. More generally, when a sin § = n), divide the slit
into 2n equal strips and pair neighbouring strips. Corresponding wavelets again differ in path by /2,
giving complete cancellation. Hence the minima lie at

AD
asinf, = £n, yn::tn—, n=123,...
a

The two first minima enclose the central bright band, whose width is 2AD /a.

Step 3: (i) (I) Explain the secondary maxima Between two successive minima, cancellation of the
wavelets is incomplete. The resultant amplitude increases from zero, reaches a local maximum and
falls back to zero, forming a secondary bright band. Its position is approximately

asin&::l:(rm—%))\, n=123,...

These are approximate positions: the exact noncentral maxima of the intensity expression obey
tan 8 = . Thus secondary maxima occur between successive dark bands, symmetrically about the
centre.

Step 4: (i) (II) Explain why successive maxima weaken At larger angles the phase changes more
rapidly across the slit, so more of the slit contributions cancel one another. Only a smaller resultant
amplitude remains. Quantitatively, I /I, = sin? 3/3?: the numerator cannot exceed one, while the
denominator grows with angle. At the exact secondary maxima, tan 5 = 3 gives

Imax 1

Iy _1—1—,82'

Since |5| increases with the order of the secondary maximum, its intensity decreases. The central
maximum is therefore much stronger than the successive side maxima.

Step 5: (ii) State two differences between the patterns Width: In an ideal Young double-slit pattern
with slit separation d, the bright and dark fringes are equally spaced, with fringe width AD/d. In a
single-slit diffraction pattern, the central bright band has width 2AD/a; each secondary bright band,
measured between successive minima, has width A\D/a.

Intensity: For two equally illuminated, very narrow coherent slits, the interference maxima have
equal intensity in the ideal model. In single-slit diffraction, the central maximum is brightest and
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successive secondary maxima become weaker. Real finite-width double slits also produce a diffraction
envelope, so the equal-intensity comparison assumes that envelope is negligible over the region
considered.

Step 6: Conclusion Single-slit minima occur at a sin § = +n\ through complete pairwise cancellation;
the central and secondary maxima arise from constructive addition and incomplete cancellation,
respectively. Increasing cancellation makes higher-order maxima weaker. Compared with ideal
double-slit interference, diffraction has a central bright band of twice the secondary-band width and
unequal maximum intensities.

Quick Tip to Solve: Derive minima first by pairing equal slit strips; measure bright-band widths between
adjacent minima. Treat the half-integer formula for secondary maxima as approximate.

OR

31(b). (i) With the help of a ray diagram, describe the construction and working of a compound
microscope.

(ii) (I) The real image of an object placed between f and 2f from a convex lens can be seen on a
screen placed at the image location. If the screen is removed, is the image still there? Explain.

(I1) Plane and convex mirrors produce virtual images of objects. Can they produce real images under
some circumstances? Explain. [5 marks]

Solution:

Concept:

* A compound microscope combines the linear magnification of a short-focal-length objective with
the angular magnification of an eyepiece. The objective forms a real intermediate image, which
acts as the object for the eyepiece.

* A real image is formed where light rays actually meet; a virtual image is formed where their
extensions meet. A screen detects an image but does not cause its formation.

* The mirror formulais 1/f = 1/v+1/u, where f, v and u are the signed focal length, image distance
and object distance. For light incident from the left, distances behind the mirror are positive.

Step 1: (i) Describe the construction A compound microscope consists of two convex lenses mounted
coaxially at the ends of an adjustable tube. The objective, placed close to the object, has a very short
focal length f, and a small aperture. The eyepiece, placed close to the eye, has a focal length f. larger
than f, and a larger aperture. The separation of the lenses is adjusted to focus the image clearly. The
object is illuminated so that sufficient light enters the objective.

Step 2: (i) Trace the rays and explain the working Place a small object AB just beyond the first
focus F, of the objective. Since the object lies between f, and 2f,, the objective forms a real,
inverted and enlarged intermediate image A’ B’ on the other side. In the ray diagram, one ray from
B travels parallel to the principal axis and is refracted through F); the other passes undeviated
through the optical centre of the objective. These rays meet at B’. For normal adjustment, arrange
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A’B’ in the first focal plane of the eyepiece, with A’ at F,. The eyepiece acts as a magnifying
glass. Rays from B’ emerge parallel after refraction by the eyepiece, so the final image is virtual
and at infinity. It is highly magnified and inverted relative to AB, and the eye views it without
accommodation. Alternatively, placing A’ B’ just inside the eyepiece’s focal length produces the final
virtual image at a finite distance, commonly the least distance of distinct vision. The diagram shows
the normal-adjustment arrangement.

Eyepiece
E
Objective 1
(@)
B A
1 g F! A'=F. F!
1 7 Axis
\ 4
B/

¥ Parallel rays to eye
Final image at infinity

Compound microscope in normal adjustment: A’ B’ lies in the eyepiece’s front focal plane and the final virtual
image is at infinity. Schematic ray diagram.

Step 3: (ii) (I) Explain what happens when the screen is removed Yes, the real image remains at the
same location. The convex lens still refracts rays from each object point so that they converge at the
corresponding image point beyond 2f. Removing the screen changes neither the lens nor the ray
paths. The screen merely scatters the light reaching it, making the image visible from many directions.
Without a screen, an eye placed beyond the image within the emerging beam can receive the diverging
rays after their crossing and see the image. An observer outside that beam need not see it.

Step 4: (ii) (II) Identify when plane and convex mirrors form real images Yes. Their usual virtual-
image rule applies to real objects, which send diverging rays towards the mirror. If a converging beam
falls on a mirror, the point behind the mirror at which the incident rays would have met acts as a
virtual object. Reflection can then make the rays actually converge in front of the mirror. For a plane
mirror, f — oo. If the converging beam would meet a distance » > 0 behind the mirror, then

1 1
-=— = wv=-u<0.
v u

The reflected rays therefore form a real image the same distance in front of the mirror. For a convex
mirror, f > 0. A real image is obtained if the virtual object lies between the pole and the focus behind
the mirror, so 0 < u < f. In that case,

o
=7

< 0.
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Thus a sufficiently convergent incident beam produces a real image in front of a convex mirror. Such
an incident beam can be supplied by a converging lens placed before the mirror.

Step 5: Conclusion The objective forms an enlarged real intermediate image, and the eyepiece gives
a further magnified virtual final image. A real lens image persists after its screen is removed. Both
plane and convex mirrors can form real images for suitable virtual objects; for a convex mirror the
virtual object must lie between its pole and focus.

Quick Tip to Solve: In the microscope sketch, first place the objective’s real image at the eyepiece’s front focus.
For the mirror question, check whether the incident rays diverge from a real object or converge towards a
virtual object.

32(a). (i) Derive the condition for which a Wheatstone Bridge is balanced.

(ii) Determine the current in 3 2 branch of a Wheatstone Bridge in the circuit shown in the figure.
[5 marks]

20 Q 20

%:39

12 Q 1Q

Solution:

Concept:

* A Wheatstone bridge has four arms AB = P, BC = Q, AD = R and DC = S, a galvanometer
between B and D, and a source between A and C'. Balance means zero current in the galvanometer.

* Kirchhoff’s junction rule expresses charge conservation, and the potential drop across a resistor is
IR. At balance, the two galvanometer junctions have equal potentials: Vi = Vp.

Step 1: (i) Compare the potential drops in the first pair of arms Let currents I; and I, flow along
A— B—C and A— D — C, respectively. When the galvanometer current is zero, the same current I;
flows through P, O, and the same current [, through R, S. Since Vg = Vp,

Va—-Vg=Vy—-Vp = ILP=DLR.

Step 2: (i) Compare the second pair and eliminate the currents The drops from the equal-potential
junctions to C' also agree:
Ve —Vo=Vp—-—Vo = IlQ:IQS.
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Dividing the two relations gives P/Q = R/S, or equivalently PS = QR. Conversely, this equality
makes the potential-divider potentials at B and D equal, so no current flows through the connecting
galvanometer. Thus it is the condition for a balanced bridge.

Step 3: (ii) Identify the nodes and test balance In the printed circuit, label the left, upper, right and
lower vertices A, B, C, D, respectively. Thus P =200, Q =2Q, R=12Q, S =1Q, and BD = 3.
Here 20/2 = 10, whereas 12/1 = 12; the bridge is unbalanced, so the central branch cannot be
discarded. The longer battery plate is connected to A. Choose V> =0 and V4 = 6V.

Step 4: (ii) Apply the junction rule at both central-branch endpoints Let the numerical values of
VB, Vp, in volts, be x,y. Summing currents leaving each junction gives

r—6 x x—y

20 T2ty =Y
y—6 y—x
1 +y+ 5 = 0.
Multiplication by 60 and 12, respectively, produces
53x — 20y = 18, —4x 4+ 17y = 6.

Eliminating « gives 821y = 390. Substitution then gives = 426/821. Hence the upper junction has
the higher potential, and the central current is directed downwards.

Step 5: Conclusion (i) The balance condition is | P/Q = R/S|. (ii) The current through the 3

branch is

Ve —Vp 12
Ipp=-2_"P _ "2 A~146mA
BD 30 821 6mA)

flowing from the upper vertex to the lower vertex of the printed bridge.

Quick Tip to Solve: Test the arm ratios first; if they differ, keep the central resistor and solve for the two
junction potentials using Kirchhoff’s rule.

OR

32(b). (i) Consider a cylindrical conductor of length [ and area of cross-section A. Current [ is

R o o i €lE
maintained in the conductor and electrons drift with velocity v; | |vg] = M 7 |, (where symbols
m
have their usual meanings). Show that the conductivity o of the material of the conductor is given by
’I’l@QT
g = .
m
(ii) The resistance of a metal wire at 20°C is 1.05 (2 and at 100°C is 1.38 ¢). Determine the temperature
coefficient of resistivity of this metal. [5 marks]
Solution:
Concept:

* For electron number density n, charge magnitude e, cross-sectional area A, and drift-speed
magnitude vy, the current magnitude is I = neAvy. Conventional current is opposite to electron
drift.

* Conductivity o relates current density and electric field through J = oE. The relaxation time 7 is
the mean time between successive electron collisions, and m is the electron mass.
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* For a fixed wire, neglecting changes in its dimensions, R = pl/A; resistance and resistivity
therefore have the same fractional temperature change. The linear approximation is Ry =
Ray[1 + oy (T — Tv)].

Step 1: (i) Obtain the current from the drifting electrons In a time interval At, electrons initially in a
cylinder of length v At pass a cross-section. Its volume is AvyAt, so the number passing is n Av At.
The magnitude of transferred charge is AQ = neAvyAt, giving

AQ

I = — =neAvy.

At d
This uses the net drift superimposed on random thermal motion; the latter alone has no preferred
direction and contributes no net current.

Step 2: (i) Insert the drift speed and identify conductivity Using the given vy = eE7/m and J = [ /A,

= E.

m

eET ne2r
J =nevg =ne| —
m

Electron drift is opposite to E, but electrons have negative charge, so J is parallel to E. Comparison
with J = o F identifies the required conductivity. Equivalently, E = V/I gives I = (ne*r/m)(A/1)V,
consistent with the wire’s resistance R = [/(c A).

Step 3: (ii) Use the lower measured temperature as the reference Take Ty = 20°C, Rgg = 1.05€2, and
Ri100 = 1.38 Q. The measured changes are

AT =100 — 20 = 80K, AR =1.38—1.05=0.339.

Rearranging the linear temperature relation yields

o — Ri00 — Roo
0™ Ry0(100 — 20)
0.33

=" K '=393x107°K".

1.05 x 80
The positive sign agrees with the observed increase in resistance of the metal. A temperature interval
has the same numerical value in kelvin and degrees Celsius.

Step 4: Specify the reference of the temperature coefficient A fractional temperature coefficient
depends on the reference resistance. The value above is referred to the supplied initial temperature,
20°C. If a coefficient referred specifically to 0°C is desired, the same straight-line data give Ry =
1.05 — 20(0.33/80) = 0.9675 Q2 and ag = (0.33/80)/0.9675 = 4.26 x 1073 K L. These values describe
the same linear dependence with different reference temperatures.

Step 5: Conclusion (i) |o = ne’r /m |. (ii) With the given initial temperature 20°C as reference, the

temperature coefficient of resistivity is | asg = 3.93 X 103K 1|,

Quick Tip to Solve: In the temperature formula, divide by the resistance at the chosen reference temperature;
here the supplied initial resistance is at 20 degrees Celsius.
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33(a). (i) A rectangular loop of sides a and b carrying current [ is placed in a magnetic field B such
that its area vector A makes an angle ¢ with B. With the help of a suitable diagram, show that the
torque 7 acting on the loop is given by 7 = 1 x B, where 7i(= I A) is the magnetic dipole moment of
the loop.

10
(ii) A circular coil of 100 turns and radius (| — | c¢m carrying current of 5.0 A is suspended vertically
T

in a uniform horizontal magnetic field of 2.0 T. The field makes an angle 30° with the normal to the
coil. Calculate:
(D) the magnetic dipole moment of the coil, and
(I1) the magnitude of the counter torque that must be applied to prevent the coil from turning.
[5 marks]

Solution:

Concept:

« The magnetic force on a straight current-carrying side is F = Il x B, where [ points along
conventional current. A uniform field gives a closed loop zero net force but can exert a torque.

* The torque of a couple is one force multiplied by the perpendicular separation of the two lines of
action. For a rectangular loop, A = ab, and its area-vector direction follows the right-hand rule for
the current.

* The magnetic dipole moment is 7 = N1 A for a coil of N turns, reducing to [ A for one turn. The
angle used in magnetic torque is the angle between the field and the normal to the loop.

Step 1: (i) Choose the loop orientation and identify the force pair Let the two sides of length a be
perpendicular to the plane containing B and the area vector A. View these sides end-on, as in the
diagram. The joining sides have length b, so that the normal makes angle # with the field while a
joining side makes the complementary angle with it. The two length-a sides carry opposite currents
perpendicular to the field. Hence each experiences a force of magnitude

F=1IaB.

Their forces are equal and opposite, as shown by the upward and downward arrows. These separated
forces form the couple that turns the loop.
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F=1aB

T A
®

I
b 0
>
length-a sides
seen end-oni 2 T
l lF = IaB

Edge-on view: the two sides of length a run perpendicular to the page. Dots and crosses indicate current out of and
into the page.

Step 2: (i) Find the moment of the couple The distance between the two length-a sides is b, but the
perpendicular separation of their force lines is its projection bsin #. The other pair of sides experiences
equal and opposite forces along the length-a direction; these forces are collinear and produce no
resultant torque. Therefore the total torque magnitude is

7= F(bsinb)
= (IaB)bsin@
= IABsin#.

This also shows that the torque vanishes when the normal is parallel to the field and is greatest when
the normal is perpendicular to it.

Step 3: (i) Express the torque as a vector Apply the right-hand rule to the circulating current to
obtain mm = I A. The force couple rotates this magnetic moment towards B; its torque is perpendicular
to the plane containing these two vectors, in the direction of 77 x B. Since its magnitude is mB sin 6,
the magnitude and direction together establish

=m x B.

pll

In the illustrated orientation the couple is clockwise, so the torque points into the page, consistently
with this cross product.

Step 4: (ii) (I) Calculate the magnetic dipole moment of the coil Convert the radius to metres before
computing area. With N = 100 and I = 5.0,

o 20, 010
IRV
(0.10)2

=0.010m?,

A=mr’=n

T
m= NIA=100 x 5.0 x 0.010 = 5.0 A m°.
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The dipole moment is directed along the coil’s normal, with its sense fixed by the current’s right-hand
rule.

Step 5: (ii) (I) Balance the magnetic torque The supplied 30° is already the angle between the normal
and the horizontal field, so use it directly. For B = 2.0T,

T =mBsin30° =5.0 x 2.0 x % =5.0Nm.

To keep the suspended coil from turning, the applied counter torque must satisfy Teounter = —7. Thus
it has the same magnitude as the magnetic torque and the opposite rotational sense.

Step 6: Conclusion For one rectangular loop, |7 = m x B, with m = IA. For the given coil,

and the required counter-torque magnitude is | 5.0 N m |, opposing the magnetic torque.

Quick Tip to Solve: Use the angle to the coil’s normal in NIABsin6. Here r = 0.10/,/7 m makes 7r? =
0.010 m?, so 7 cancels before any numerical approximation.

OR

33(b). (i) Derive an expression for the force F acting on a conductor of length L. and area of
cross-section A carrying current I and placed in a magnetic field B.

(ii) A part of a wire carrying 2.0 A current and bent at 90° at two points is placed in a region of uniform
magnetic field B = —(0.50T) k, as shown in the figure. Calculate the magnitude of the net force acting
on the wire. [5 marks]

X x X x X b 4

2:0 A %

)

oo X W N
¥ 20 cm
X x X X 4 X

L 4

5
>

X x X X X x

—

50 cm—

Solution:

Concept:

* A charge ¢ moving with velocity ¢ in a magnetic field experiences the magnetic Lorentz force
f =qU X B.

* For a conductor with electron number density n, electron charge magnitude e, cross-sectional area
A and drift speed vy, the conventional current is I = neAuvy.

* Forces on the parts of a bent wire add as vectors. In a uniform field, F=1 ( il df) x B, where di
points along the current and only wire portions within the field are included.

Step 1: (i) Count the moving charge carriers Consider a uniform straight conductor of length L and
cross-sectional area A. Its volume is AL, so the number of free electrons in that length is N, = nAL.
Let [ point along conventional current. The electrons drift opposite to this direction, with mean
velocity 7; = —v,4l, and each has charge —e. Random thermal velocities average to zero, so it is the
drift velocity that determines the resultant magnetic force.
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Step 2: (i) Sum the magnetic forces and use the current relation The magnetic force on each drifting
electron is

—

f=(—e)(—vgl) x B = evgl x B.
Adding over the nAL carriers gives the magnetic force transmitted to the conductor:

F= nALevgl x B
= (neAuvg)Ll x B
=1L x B, L=1Li

Thus F' = I LBsin «, where « is the angle between the conventional-current direction and the field.
Its direction follows the cross product or Fleming’s left-hand rule. The area A enters the carrier count,
but disappears from the final expression because it is already included in I = neAv,.

Step 3: (ii) Read the current path inside the field The field is B = —0.50k T, into the plane of the
figure. The two horizontal portions carry current to the right, and their combined length inside
the field is the full region width, 50cm = 0.50m. The connecting vertical portion carries current
downward through 20 cm = 0.20 m. Hence the net displacement from entry to exit, following current,
is

AF = (0.50 — 0.207) m
The portions outside the indicated field region experience no force from this field. The wire’s total

bent length must not be inserted as a scalar length, because forces on its perpendicular parts point in
different directions.

Step 4: (ii) Add the forces as vectors Since the field is umform addmg the three  segment forces is
equivalent to using the net displacement. With / = 2.0A, i x k= —j and j x k = i,

F=IAFxB
= 2.0(0.507 — 0.205) x (—0.50k) N
= (0.20i + 0.505) N

The horizontal wire portions together give 0.50 N upward; the vertical portion gives 0.20N to the
right. As these two resultant components are perpendicular, the magnitude is

|F| = 1/(0.20)2 4 (0.50)2N = v/0.29N ~ 0.54 N.

Step 5: Conclusion (i) The force on a straight conductor is| F' = IL x B |, with L along conventional
current. (ii) The bent wire experiences F = (0.20% + 0.505') N, of magnitude | 0.54 N |.

Quick Tip to Solve: For a bent wire in a uniform magnetic field, use the displacement from the field-entry
point to the field-exit point. Here the two rightward lengths add to 0.50 m, while the 0.20 m drop has a negative
J sign.
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