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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" TmA ™! Avogadro’s number = 6.023 x 10%* per gram mole
g0 = 8.854 x 1072 C?2N"tm™2 Boltzmann constant = 1.38 x 10723 JK~!

=9x 10 Nm2(C~2



Section A (16 marks)

1. In the circuit shown, the charge on the left plate of 20 uF capacitor is —50 pC. The charge on the
right plate of the 12 uF capacitor is: [1 mark]

12 uF
o— F—o

20 uF 4 uF

8 uF

(A) 20 uC

(B) —20 nC

(C) 30 uC

(D) —30 uC

Correct Answer: (C) 30 uC

Solution:

Concept:

* For a capacitor, the plate charges are equal and opposite and their magnitude is Q = C|V|, where
C' is capacitance and V is potential difference.

* Parallel capacitors share the same potential difference. Charge is conserved on each initially neutral
isolated junction.

Step 1: Find the charge entering the parallel combination The right plate of the 20 uF capacitor
carries +50 C. Its connection to the left plates of the 12 uF and 8 uF capacitors is an isolated neutral
conductor, so their left plates together carry —50 pC. Their right plates therefore carry a total +50 pC.

Step 2: Divide the charge according to capacitance Since the two capacitors are parallel, their charges
have the ratio 12 : 8. Thus the charge on the right plate of the 12 uF capacitor is

12
= —(50) = +30 uC.
Q12 12+8( ) =+30pu

The magnitude 20 1C belongs to the 8 uF capacitor, excluding (A) and (B). Option (D) has the correct
magnitude but the wrong plate sign.

Step 3: Conclusion The required charge is +30 1C. Hence, the correct option is (C).

Quick Tip to Solve: In a parallel pair, divide the total charge in the capacitance ratio; track the sign by
conserving charge at the intervening junction.
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2. Germanium crystal is doped at room temperature with a minute quantity of boron. The charge
carriers in the doped semiconductors will be: [1 mark]

(A) electrons only

(B) holes only

(C) holes and few electrons

(D) electrons and few holes

Correct Answer: (C) holes and few electrons

Solution:

Concept:

* A trivalent impurity in tetravalent germanium acts as an acceptor and produces a p-type semicon-
ductor.

* At room temperature, thermal excitation creates electron-hole pairs. Holes are majority carriers in
p-type material and electrons are minority carriers.

Step 1: Identify the effect of boron doping Boron has three valence electrons whereas germanium has
four. A boron atom replacing a germanium atom leaves an incomplete covalent bond. It can accept an
electron from a neighbouring bond, leaving a mobile hole. Thus boron doping greatly increases the
hole concentration.

Step 2: Include the thermally generated carriers At room temperature, some electrons are thermally
excited into the conduction band. Therefore the semiconductor contains many holes and a small
concentration of electrons. Option (B) wrongly removes all minority electrons. Option (A) excludes
the majority holes, and option (D) describes an n-type material with electrons as majority carriers.

Step 3: Conclusion The charge carriers are holes and a few electrons. Hence, the correct option is

©.

Quick Tip to Solve: Trivalent doping means p-type: choose holes as majority carriers, but retain minority
electrons whenever the temperature is nonzero.

3. A steady current [ is passed through a conductor at room temperature for time ¢. It is observed that
its temperature rises by 0.5°C. If 2] current is passed through the conductor (at room temperature)
for the same duration, the rise in its temperature will be approximately: [1 mark]
(A) 1.0°C

(B) 1.5°C

(C) 2.0°C

(D) 4.0°C

Correct Answer: (C) 2.0°C

Solution:

Concept:

* Joule heating gives H = I?>Rt, where [ is current, R is resistance and ¢ is the heating duration.
e For a small temperature rise, take resistance and heat capacity mc as constant; then mcAT ~ I*Rt.

Step 1: Compare the heating in the two trials The same conductor starts at room temperature in
both cases, and the heating time is unchanged. For these small rises, changes in resistance and heat
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losses are neglected in the approximate estimate. Hence the temperature rise is proportional to the
square of the current, not to the current itself.

Step 2: Apply the square-current ratio The ratio of temperature rises is

AT,  (21)? B oo
AL - P 4, ATy = 4(0.5) = 2.0°C.

Option (A) incorrectly uses a linear dependence on current. Options (B) and (D) imply factors of
three and eight respectively, which do not follow from Joule’s law.

Step 3: Conclusion The approximate temperature rise is 2.0°C. Hence, the correct option is (C).

Quick Tip to Solve: With the same conductor and heating duration, multiply the original temperature rise by
the square of the current multiplier.

4. The dimensions of ‘self-inductance’ are: [1 mark]
(A) [MLT 2472

(B) [ML2T A7)

(C) [ML'T—2A72

(D) [ML?T2A472]

Correct Answer: (D) [ML*T~2A7?

Solution:

Concept:

* The energy stored in an inductor is U = %EI 2 where £ denotes self-inductance and I denotes
current.

* Energy has dimensions [M L*T~2], and electric current has dimension [A]. Numerical constants
have no dimensions.

Step 1: Express inductance in terms of energy and current Rearranging the magnetic-energy relation
gives £ = 2U/I?. Therefore inductance has the dimensions of energy divided by current squared; the
factor of two contributes no dimension.

Step 2: Substitute the fundamental dimensions

U]  ML*T?

L] = e e ML*T?A™2

Options (A) and (C) have incorrect powers of length. Option (B) has incorrect powers of time and
current. Only (D) has all four powers required by the energy relation.

Step 3: Conclusion The dimensions of self-inductance are [M L>T~2A~2]. Hence, the correct option
is (D).

Quick Tip to Solve: For inductance dimensions, use stored energy divided by current squared; it avoids
introducing voltage or magnetic flux as extra quantities.
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5. Isotones are the nuclides having: [1 mark]

(A) same mass numbers

(B) same atomic numbers

(C) same neutron number, but different atomic number
(D) different neutron number, and different mass number

Correct Answer: (C) same neutron number, but different atomic number

Solution:

Concept:

* For a nuclide, mass number A, atomic number Z and neutron number N obey A = Z + N.
* Isotones have equal neutron numbers and different atomic numbers. Isotopes have equal atomic
numbers, while isobars have equal mass numbers.

Step 1: Apply the definition of isotones Two different nuclides are isotones when N; = N, but
71 # Z». For example, ¢*C and 15N each contain eight neutrons, although their proton numbers are
six and seven respectively.

Step 2: Distinguish the neighbouring definitions Option (A), equal mass numbers, describes isobars.
Option (B), equal atomic numbers, describes isotopes. Option (D) explicitly requires different neutron
numbers and therefore contradicts the definition of isotones. Equal neutron numbers with unequal
atomic numbers is exactly the condition stated in (C).

Step 3: Conclusion Isotones have the same neutron number but different atomic numbers. Hence,
the correct option is (C).

Quick Tip to Solve: To test whether a pair is isotonic, calculate N = A — Z for each nuclide and check that
these values agree while the proton numbers differ.

6. A metal rod of length 50 cm is held vertically and moved with a velocity of 10 m/s towards east.
The horizontal component of the Earth’s magnetic field at the place is 0.4 G. The emf induced across
the ends of the rod is: [1 mark]
(A) 0.1 mV

(B) 0.2 mV

(C) 0.8 mV

(D) 1.6 mV

Correct Answer: (B) 0.2 mV

Solution:

Concept:
* A rod moving perpendicular to its length and a magnetic field develops motional emf ¢ = Bluv,
where B is the effective field, [ is rod length and v is speed.

* Earth’s horizontal magnetic field is along the north-south direction, perpendicular to the eastward
velocity. Use 1G = 107 T.

Step 1: Identify the effective magnetic-field component For eastward motion in the horizontal
northward field, & x By is vertical, along the rod. Thus the horizontal component causes charge
separation between its ends. The vertical field component produces a horizontal magnetic force and
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contributes no emf along the vertical rod.

Step 2: Convert the quantities and calculate the emf Here [ = 0.50m, v = 10m s~! and By =
0.4 x 10~* T. Therefore

e = (0.4 x 107%)(0.50)(10) = 2.0 x 107V = 0.2mV.

Option (A) is half this value, while (C) and (D) are four and eight times it. None follows from the
given rod length, speed and field in SI units.

Step 3: Conclusion The induced emf has magnitude 0.2 mV. Hence, the correct option is (B).

Quick Tip to Solve: Convert gauss to tesla and centimetres to metres before using Blv; only the component of
¥ x B along the rod contributes.

7. The frequency of a photon of energy 1.326 €V is: [1 mark]
(A) 1.18 x 10'4 Hz

(B) 3.20 x 10* Hz

(C) 4.20 x 10'° Hz

(D) 4.80 x 10% Hz

Correct Answer: (B) 3.20 x 104 Hz

Solution:

Concept:
* Planck’s relation is £ = hv, where F is photon energy, h is Planck’s constant and v is frequency.
* Convert electronvolts to joules before using h = 6.63 x 10734Js: 1eV = 1.6 x 10719J.

Step 1: Convert the photon energy into SI units The given energy is an energy in electronvolts, not a

potential difference. Multiplying by the joule value of one electronvolt gives

E =1.326(1.6 x 1071%) = 2.1216 x 10719 J.

Step 2: Divide the energy by Planck’s constant From v = E/h,

2.1216 x 10719 e "
v 6.63 % 103 0.32 x 10 3.20 x 10 z

Option (A) has the right order of magnitude but the wrong coefficient. Options (C) and (D) are more
than ten times the calculated frequency and would correspond to much larger photon energies.

Step 3: Conclusion The photon frequency is 3.20 x 10'* Hz. Hence, the correct option is (B).

Quick Tip to Solve: Keep the energy unit consistent with Planck’s constant: convert €V to J first, then combine
the powers of ten separately from the coefficients.
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8. An alternating current is given by I = I cos(1007)t. The least time the current takes to decrease
from its maximum value to zero will be: [1 mark]

(i)
o 5
o )
o (3):

1
Correct Answer: (A) | — | s
200

Solution:

Concept:

* For a sinusoidal current I = Iy coswt, I is the peak current and w is the angular frequency.
* A cosine decreases from its positive maximum to its first zero in one quarter of a period: At = T'/4,
where T' = 27 /w.

Step 1: Identify the first zero after a maximum At ¢ = 0, the current equals Io. Here w = 100 rad s~ .

Its first subsequent zero occurs when the phase increases from zero to 7/2, because cos(m/2) = 0.

Step 2: Calculate the quarter-period interval

T 1
100rAt=—- = At=_—s.
OumAl 2 t 200 5

The period is 1/50s, so option (D) is a full cycle and (C) is a half-cycle, ending at the negative
maximum. At the time in (B), the phase is 27 /3, already beyond the first zero.

Step 3: Conclusion The least time is 1/200s = 5.0 x 1073 s. Hence, the correct option is (A).

Quick Tip to Solve: For a sinusoidal current, use one quarter-period for the first change from a maximum to
zZero.

9. A rectangular coil of area A is kept in a uniform magnetic field B such that the plane of the coil
makes an angle o with B. The magnetic flux linked with the coil is: [1 mark]
(A) BAsinao

(B) BAcos«

(C) BA

(D) zero

Correct Answer: (A) BAsin«

Solution:

Concept:

* Magnetic flux through a plane surface in a uniform field is ® = B - A = BAcos#, where 6 is
measured from the surface normal.

* The area vector is perpendicular to the plane. If the field makes angle « with the plane, it makes
angle 90° — « with its normal.
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Step 1: Convert the given angle to the normal angle The question specifies the angle between the
field and the plane of the coil. Therefore substituting « directly in the cosine formula would use the
wrong angle. The required normal angle is § = 90° — «.

Step 2: Evaluate the flux and check the alternatives
® = BAcos(90° — o) = BAsina.

Option (B) would apply if o were measured from the normal. Option (C) is valid only when the field
is perpendicular to the plane; zero flux in (D) occurs only when it is parallel to the plane. Neither is
the general expression.

Step 3: Conclusion The magnetic flux linked with the coil is BA sin a. Hence, the correct option is

(A).

Quick Tip to Solve: Use sine when the angle is given with the plane, and cosine when it is given with the
normal.

10. The minimum energy required to free the electron from the ground state of the hydrogen atom
is: [1 mark]
(A) 34eV

(B) less than 3.4 €V

(C) 13.6 eV

(D) between 13.6 eV and 3.4 €V

Correct Answer: (C) 13.6 eV

Solution:

Concept:

* The energy of the electron in the nth level of hydrogen is E,, = —13.6/n? eV, with zero energy
defined for a free electron at rest infinitely far from the nucleus.

* Ionisation energy is the positive energy required to move an electron from its initial bound level to
this zero-energy limit.

Step 1: Identify the initial and final energies In the ground state, n = 1, so F; = —13.6€V. To just
free the electron with no residual kinetic energy, its final energy must be E., = 0. The negative initial
energy indicates that the electron is bound.

Step 2: Calculate the required energy difference
AE = Eo — E; =0 — (—13.6) = 13.6€V.

The value 3.4 €V is the ionisation energy from n = 2, not from the ground state. Options (A), (B) and
(D) all supply less than the ground-state binding energy and therefore cannot free this electron.

Step 3: Conclusion The minimum required energy is 13.6 eV. Hence, the correct option is (C).

Quick Tip to Solve: For hydrogen ionisation from level n, take the magnitude of the bound-state energy,
13.6/n2 V.
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11. A capacitor and an inductor are connected in series across an ac source of voltage of variable
frequency. The frequency is increased continuously. The nature of the circuit before and after the
resonance will be: [1 mark]

(A) inductive only

(B) capacitive only

(C) capacitive and inductive respectively

(D) inductive and capacitive respectively

Correct Answer: (C) capacitive and inductive respectively

Solution:

Concept:

* In a series LC circuit, inductive reactance is X; = wL and capacitive reactance is X¢ = 1/(wC),
where w = 27 f.

* The circuit is capacitive when X< > X, and inductive when X; > X. At resonance these
reactances are equal and wy = 1/v/LC.

Step 1: Compare reactances below resonance At low frequency, X¢ is large and X, is small. For
w < wp, w?LC < 1, giving wL < 1/(wC). The negative net reactance X; — X means that the circuit
is capacitive before resonance.

Step 2: Compare reactances above resonance Increasing frequency raises X and lowers Xo. For
w > wp, X > X¢, so the circuit is inductive after resonance. Options (A) and (B) wrongly assign one
nature on both sides; option (D) reverses the order of the two frequency regions.

Step 3: Conclusion Before and after resonance the circuit is capacitive and inductive, respectively.
Hence, the correct option is (C).

Quick Tip to Solve: As frequency rises, the capacitor’s reactance falls while the inductor’s rises: capacitive first,
inductive later.

12. A p-n junction diode is forward biased. As a result, [1 mark]

(A) both the potential barrier height and the width of depletion layer decrease.

(B) both the potential barrier height and the width of depletion layer increase.

(C) the potential barrier height decreases and the width of depletion layer increases.

(D) the potential barrier height increases and the width of depletion layer decreases.

Correct Answer: (A) both the potential barrier height and the width of depletion layer decrease.

Solution:

Concept:

* The depletion region of a p-n junction contains fixed ionised donors and acceptors, whose electric
field produces the built-in potential barrier.

* Forward bias connects the p-side to the positive terminal and the n-side to the negative terminal.
Its applied electric field opposes the built-in junction field.

Step 1: Determine the change in barrier height Since the applied voltage opposes the built-in
potential, it reduces the effective barrier from V|, to approximately Vy — Vp, where Vp is the forward
voltage. Majority carriers can therefore cross the junction more readily.
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Step 2: Determine the change in depletion width The forward-bias supply pushes majority carriers
towards the junction, reducing the region depleted of mobile carriers. Thus its width also decreases.
Option (B) describes the reverse-bias trend, while (C) and (D) incorrectly predict opposite changes in
the barrier height and depletion width.

Step 3: Conclusion Both the potential barrier height and the width of the depletion layer decrease.
Hence, the correct option is (A).

Quick Tip to Solve: Remember that forward bias opposes the junction field, lowering the barrier and narrowing
the depletion region together.

13. Assertion (A): EM waves do not require a medium for their propagation.
Reason (R): EM waves are transverse waves.

Select the correct answer: [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:

* An electromagnetic wave consists of time-varying electric and magnetic fields that can propagate
through vacuum without material particles.

* In a freely propagating electromagnetic wave, the electric and magnetic field vectors are perpen-
dicular to the direction of propagation; the wave is transverse.

Step 1: Judge the assertion The assertion is true. Electromagnetic disturbances can travel in vacuum:
for example, sunlight reaches Earth across space. A material medium is not needed because changing
electric and magnetic fields sustain the propagating disturbance.

Step 2: Judge the reason The reason is also true. The electric and magnetic fields oscillate at right
angles to the direction in which an electromagnetic wave travels, which is the meaning of transverse
propagation.

Step 3: Test the explanatory link Being transverse specifies the orientation of oscillations, not whether
a medium is necessary. A transverse wave on a stretched string still needs a material string. Therefore
the reason does not explain the assertion. Option (A) wrongly claims an explanation, while (C) and
(D) wrongly classify a true statement as false.

Step 4: Conclusion Both the assertion and the reason are true, but the reason does not correctly
explain the assertion. Hence, the correct option is (B).

Quick Tip to Solve: Test the explanation separately from truth: transverse string waves show that transverse
does not mean medium-free.
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14. Assertion (A): A charged particle is moving with velocity v in z-y plane, making an angle ¢
(0 < 0 < %) with z-axis. If a uniform magnetic field B is applied in the region, along y-axis, the
particle will move in a helical path with its axis parallel to z-axis.

Reason (R): The direction of the magnetic force acting on a charged particle moving in a magnetic
field is along the velocity of the particle.

Select the correct answer: [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:

* The magnetic force on a charge is F = ¢ x B. It is perpendicular to both the velocity and the
magnetic field, so it does no work.

* A velocity component parallel to a uniform magnetic field remains unchanged, while the perpen-
dicular component produces circular motion. Their combination gives a helix along the field.

Step 1: Judge the assertion using velocity components Here B is along the y-axis. The parallel
component is v, = vsin#, and the perpendicular component is v, = v cos 6. Both are nonzero for the
given angle range. The particle therefore follows a helix whose axis is parallel to the y-axis, not the
x-axis. The assertion is false.

Step 2: Judge the reason using the force law The cross product v x B makes the magnetic force
perpendicular to the instantaneous velocity. In particular, F - & = 0; the force changes direction of
motion rather than speed. Thus the claim that the force acts along the velocity is false.

Step 3: Test the explanation and select the code Since the reason is false, it cannot explain the
assertion. The true magnetic-force law yields a helix about the field direction. Options (A) and (B)
require two true statements, while (C) requires a true assertion; none matches the independent checks
above.

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

Quick Tip to Solve: For helical motion in a uniform magnetic field, align the helix axis with the field, and keep
magnetic force perpendicular to velocity.
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15. Assertion (A): The minimum negative potential applied to the anode in a photoelectric experiment
at which photoelectric current becomes zero, is called cut-off voltage.

Reason (R): The threshold frequency for a metal is the minimum frequency of incident radiation
below which emission of photoelectrons does not take place.

Select the correct answer: [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:

* The stopping or cut-off potential V} is the magnitude of the retarding potential needed to stop even
the fastest photoelectrons: eV = Kpax-
* The threshold frequency 1 satisfies hiy = ¢, where ¢ is the work function of the metal.

Step 1: Evaluate the assertion Making the anode negative relative to the emitting cathode repels the
emitted electrons. At the minimum retarding potential that prevents even the most energetic electrons
from reaching the anode, the photocurrent becomes zero. This is precisely the cut-off voltage, so
Assertion (A) is true.

Step 2: Evaluate the reason A photon must supply at least the work function to release an electron.
Thus emission cannot occur when hrv < ¢, or v < 1. Reason (R) correctly defines the threshold
frequency and is true.

Step 3: Test the explanatory link The reason states the condition for emission to begin; it does not
explain how a negative anode potential stops already emitted electrons. The assertion follows from
the electrostatic retardation of photoelectrons. Hence the two true statements are not an explanation
pair; options (A), (C) and (D) do not apply.

Step 4: Conclusion Both statements are true, but the reason does not correctly explain the assertion.
Hence, the correct option is (B).

Quick Tip to Solve: Separate the emission threshold hvg = ¢ from the stopping condition eVy = K., when
judging the explanation link.
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16. Assertion (A): A ray of light is incident normally on the face of a prism. The emergent ray will
graze along the opposite face of the prism when the critical angle at glass-air interface is equal to the
angle of the prism.

Reason (R): The refractive index of a prism depends on angle of the prism.

Select the correct answer: [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:

* For a prism of angle A, the internal refraction angles obey r| + o, = A.
* At a glass-air interface, grazing emergence occurs when the internal incidence equals the critical
angle C, where sin C' = 1/ and p is the refractive index of glass relative to air.

Step 1: Evaluate the assertion Normal incidence on the first face gives i; = r; = 0, so the ray enters
without deviation. The prism relation then gives r, = A. The emergent ray grazes the second face
when its angle of emergence is 90°, requiring o = C'. Thus the stated condition A = C is correct and
the assertion is true.

Step 2: Evaluate the reason Refractive index is a property of the optical material for a specified
wavelength and physical conditions. Changing the prism’s angle changes the geometry of refraction,
but does not change its material’s refractive index. Therefore the reason is false.

Step 3: Check the explanation and select the code Since the reason is false, it cannot explain the true
assertion. The assertion instead follows from the prism-angle relation and the critical-angle condition.
The codes requiring both statements to be true or both to be false are therefore excluded.

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

Quick Tip to Solve: For normal entry into a prism, set ; = 0 immediately; the incidence at the second face
then equals the prism angle.
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Section B (10 marks)

17. Calculate the value of the current passing through the battery in the given circuit diagram.

[2 marks]
20 Q
A%
B 5Q 40 Q D
A A C
10 Q
———AWWW———
20 Q
|
II
6V
Solution:
Concept:

* A Wheatstone bridge is balanced when the resistance ratios in its two branches are equal. The
middle junctions are then at equal potential, so the bridge resistor carries no current.

* Series resistances add, while two parallel resistances satisfy R.q = R1R2/(R1 + R2). The battery
current is [ = V/Req.

Step 1: Identify the balanced bridge The battery is connected across A and D. One branch is A-B-D,
with resistances 10 §2 and 20 Q; the other is A-C-D, with resistances 20 Q2 and 40 2. Their ratios satisfy

Rap 10 20  Rac

Rsp 20 40 Rop.

Hence B and C are at the same potential and no current flows through the 5 ) resistor between them.
It may be omitted when calculating the resistance seen by the battery.

102 2002

— AN A

Equivalent circuit: the balanced B—C branch carries zero current.

Step 2: Reduce the two branches and apply Ohm’s law The diagram shows the equivalent network
after removal of the inactive bridge branch. The series combinations are R; = 10 + 20 = 302 and
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Rs = 20 + 40 = 60 (2, connected in parallel across the battery. Therefore,

_30%60

6
= =200, I=— =0.30A.
430+ 60

20

As a check, the branch currents are 6/30 = 0.20A and 6/60 = 0.10 A, whose sum gives the battery
current.

Step 3: Conclusion The current passing through the 6 V battery is|0.30 A |.

Quick Tip to Solve: First compare the ratios along A-B-D and A-C-D; the balanced 5 2 bridge can be removed
before combining resistors.

18. In a Young’s double-slit experiment, the intensity at the central maximum in the interference
pattern on the screen is [,. Find the intensity at a point on the screen where the path difference
A

between the interfering waves is r [2 marks]

Solution:

Concept:

* A path difference A between coherent waves of wavelength \ produces a phase difference ¢ =
2rA /.

* For equal-intensity slits in Young’s experiment, I = 41, cos?(y/2), where I is the intensity from
either slit alone. The central maximum has intensity I, = 4/;.

Step 1: Convert the printed path difference to phase difference The official question gives A = A/6. A
full path difference of one wavelength corresponds to a phase difference of 27; therefore this fraction
of a wavelength gives

_2rA T
A6 3
At the central maximum the path and phase differences are zero, so the waves add in phase.

Step 2: Express the intensity in terms of the central maximum Divide the equal-slit interference
formula by its maximum value 4/. The resulting ratio depends only on the phase difference:

The phase difference is less than =, so the point lies between the central bright fringe and the first
dark fringe; its nonzero intensity is consistent with partial constructive interference.

3
=

Step 3: Conclusion The required intensity is | [

Quick Tip to Solve: With central intensity supplied, use /Iy = cos?(rA/)); insert the path fraction before
evaluating the cosine.
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19. Define the ‘distance of closest approach’. An «a-particle of kinetic energy K is bombarded on a
thin gold foil. Derive an expression for the ‘distance of closest approach’. [2 marks]

Solution:

Concept:

* The distance of closest approach is the minimum separation between the centres of an incident
a-particle and the nucleus in a head-on encounter, where the particle momentarily comes to rest
before returning.

* The repulsive electrostatic potential energy of charges ¢; and ¢, separated by r is U = q1q2/(47eor),
taking zero potential energy at infinity.

Step 1: Specify the charges and energy conditions An a-particle has charge +2¢, and a gold nucleus
has charge +Ze, with Z = 79. Consider a head-on approach to the heavy nucleus, whose recoil is
neglected. Far from it, the alpha particle has kinetic energy K and negligible electrostatic potential
energy. As the two positive charges repel, the particle slows down and its kinetic energy becomes
electrostatic potential energy.

Step 2: Apply conservation of energy at the turning point At the closest separation g, the head-on
alpha particle momentarily has zero speed. Equating its initial kinetic energy to the final electrostatic

potential energy gives
1 (2e)(Ze)

N 47’[‘50 To

Rearranging and then using the atomic number of gold,

1 2762 1 15862

o= dreg K B dreg K

Thus a larger initial kinetic energy allows the alpha particle to penetrate closer to the nucleus. The
formula gives r( in metres when K is in joules and the other quantities are in SI units.

Step 3: Conclusion The distance of closest approach is the turning-point separation in a head-on
encounter. For gold,

158¢2

dregK |

To =

Quick Tip to Solve: Use the product of charges (2¢)(79¢), and set the final kinetic energy to zero only for the
head-on turning point.

20(a). Using the mirror equation and the formula of magnification, deduce that “the virtual image
produced by a convex mirror is always diminished in size and is located between the pole and the
focus.” [2 marks]

Solution:

Concept:

* The mirror equation is 1/f = 1/v + 1/u, where u, v and f are signed object distance, image
distance and focal length.

* For a convex mirror and a real object, the Cartesian convention gives f > 0, u < 0; transverse
magnification is m = —v/u.
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Step 1: Express the image distance using positive quantities Put v = —a, where a > 0 is the distance
of the real object in front of the mirror. Substitution into the mirror equation gives
1 1 1 af

27 e “Sarg

Since a and f are positive, v > 0; the image is behind the mirror and hence virtual. Moreover,

v a
= <1

foatf

Thus 0 < v < f, so the image lies strictly between the pole and focus for every finite real-object
distance.

Step 2: Compare the image size with the object size The magnification follows directly from the
signed distances:

f
a+ f’
This ratio is positive and smaller than unity. Its positive sign means the image is erect, while its
magnitude being less than one means the image height is less than the object height. For an object at
infinity the limiting image is at the focus and is point-sized.

[
m = — = = =
a

(%
u

Step 3: Conclusion For a finite real object, 0 < v < f and 0 < m < 1. A convex mirror therefore
produces a virtual, erect, diminished image between its pole and focus.

Quick Tip to Solve: Set u = —a with a > 0; both required inequalities then follow immediately because a + f
exceeds either positive term.

OR

20(b). A convex lens of focal length 10 cm, a concave lens of focal length 15 cm and a third lens of
unknown focal length are placed coaxially in contact. If the focal length of the combination is +12 cm,
find the nature and focal length of the third lens, if all lenses are thin. Will the answer change if the
lenses were thick? [2 marks]

Solution:

Concept:

* For coaxial thin lenses in contact in air, powers add: 1/F = 1/f; + 1/fs + 1/ f3, where F' is the
combination’s focal length.

* A converging lens has positive focal length and a diverging lens negative focal length. The thin-lens
contact approximation neglects thickness and separation of principal planes.

Step 1: Substitute the signed focal lengths The convex lens has f; = +10 cm, the concave lens has
f2 = —15cm, and the combination has F' = +12 cm. Therefore,

1 1 1 1

£ 12 10 15

5-64+4 1

= — = —CIn .
60 20

The positive reciprocal indicates that the third lens supplies converging power. Equivalently, the first
two lenses together have power +10 — 6.67 = +3.33 D, while the required total is +8.33 D.
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Step 2: Examine the effect of lens thickness For thick lenses, even lenses whose surfaces touch
generally have separated principal planes. The simple addition of thin-lens powers is then not valid:
the equivalent power depends also on thicknesses, refractive indices and surface geometry. Hence the
inferred focal length can change; the given data alone do not determine a unique revised value for
thick lenses.

Step 3: Conclusion The third thin lens is converging (convex), with f3 = +20cm. For thick lenses
the answer generally changes, and further geometrical and optical data are required.

Quick Tip to Solve: Insert the minus sign for the concave lens before rearranging the power formula; use one
common length unit throughout.

21. Draw energy band diagrams of n-type and p-type semiconductors at temperature 7' > 0 K. Show
the donor/acceptor energy levels with the order of difference of their energies from the bands.
[2 marks]

Solution:

Concept:

* Doping introduces impurity energy levels inside the forbidden energy gap. Let Ec be the
conduction-band minimum and Ey, the valence-band maximum.

* Donors supply electrons from a level E, just below E; acceptors take electrons into a level E4
just above Ey, leaving holes in the valence band.

Step 1: Draw the donor level for the n-type semiconductor Pentavalent donor atoms introduce a
shallow level close to the conduction band. The small separation is of order

Ec — Ep ~1072eV.

At a nonzero temperature, thermal excitation can transfer electrons from these donor states into the
conduction band, leaving positive ionised donors. Electrons are the majority charge carriers. The
diagram places the donor level inside the gap, not inside the conduction band.

Step 2: Draw the acceptor level for the p-type semiconductor Trivalent acceptors introduce a shallow
level close to the valence band, with separation of order

Ejs—Ey ~1072eV.

A valence electron can be thermally excited into an acceptor level. The resulting mobile hole remains
in the valence band, while the acceptor becomes negatively ionised. Holes are the majority carriers.
The small impurity-ionisation energies are much less than the full semiconductor band gap, which is
typically of order 1e€V.
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n-type p-type
Conduction band Conduction band
I ~1072eV Te—EC e

Donor level Ep

Acceptor level E 4

EV I ~ ]_0_2 eV Te_EV

Valence band Valence band

Impurity energy levels for T > 0K; vertical positions are schematic and not to scale.

Step 3: Conclusion The n-type donor level lies just below the conduction band; the p-type acceptor
level lies just above the valence band. Each separation is of order 10~2 eV, as shown.

Quick Tip to Solve: Remember donor-to-conduction and valence-to-acceptor: each electron needs only a small
upward energy jump, not the full band gap.

Section C (21 marks)

22. Explain the process of formation of ‘depletion layer’ and ‘potential barrier’ in a p-n junction region
of a diode, with the help of a suitable diagram. Which feature of junction diode makes it suitable for
its use as a rectifier? [3 marks]

Solution:

Concept:

* A carrier concentration gradient drives diffusion: electrons move from the n-side to the p-side and
holes from the p-side to the n-side.

* Uncovered, immobile ionised dopants create a space-charge region and an electric field. At thermal
equilibrium, drift and diffusion currents balance.

* A diode rectifies because it conducts readily under forward bias and offers very high resistance
under reverse bias below breakdown.

Step 1: Explain the formation of the depletion layer When p-type and n-type regions form a junction,
their majority carriers diffuse across it because of the concentration difference. Electrons entering
the p-side recombine with holes; holes entering the n-side recombine with electrons. Close to the
junction this removes most mobile carriers. Fixed negative acceptor ions are left on the p-side, and
fixed positive donor ions on the n-side. The resulting region is called the depletion layer because it is
depleted of mobile charge carriers; it is not devoid of all charge.

Step 2: Explain the potential barrier and equilibrium The uncovered ions set up an electric field
directed from the positive n-side to the negative p-side. This field opposes further diffusion: its force
drives electrons toward the n-side and holes toward the p-side. The associated built-in potential is
higher on the n-side than on the p-side; crossing the junction by diffusion requires overcoming an
energy barrier. As the space charge builds up, the opposing drift current increases until it balances the
diffusion current. With no applied bias, the net current is then zero and the depletion width stabilises.
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Hole diffusion Electron diffusion

Built-in field & (nto p)

<

O ®) o
@ @ i Mobile electrons
@ @ ' outside depletion

>. A X

p-type

Mobile holes
outside depletion

Depletion layer

Fixed negative Fixed positive
acceptor ions donor ions

Unbiased p-n junction: fixed ions, depleted region and built-in electric field. Diffusion directions describe the
formation process.

Step 3: Connect the bias response to rectification Forward bias lowers the potential barrier and
narrows the depletion layer, allowing a substantial current. Reverse bias raises the barrier and
widens the layer; only a small minority-carrier leakage current flows before breakdown. This
strongly asymmetric current-voltage response gives the diode low forward resistance and high reverse
resistance. In an alternating input it therefore passes mainly one half-cycle, producing a unidirectional,
pulsating output current.

Step 4: Conclusion Carrier diffusion and recombination leave fixed ions that form the depletion layer
and its opposing potential barrier. The diode’s preferential conduction under forward bias makes it
suitable for rectification.

Quick Tip to Solve: Draw negative fixed ions on the p-side and positive fixed ions on the n-side; the built-in
field always points from n to p.

23. An electric field E given by:

E =1007 N/C for z > 0

E = —100% N/C for < 0

exists in a region. A right circular cylinder of length 10 cm and radius 2 c¢m, is placed in the region
such that its axis coincides with z-axis and its two faces are at x = —5 cm and z = 5 cm. Calculate:

(a) the net outward flux through the cylinder, and
(b) the net charge inside the cylinder. [3 marks]

Solution:

Concept:

* Electric flux through a surface is ® = [ E - dA, where dA points along the outward normal for a
closed surface.

* Gauss’s law gives ®o; = Qenclosed /€0, Where g9 = 8.854 x 1072 C2N"tm—2,
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Step 1: Identify the contributing surfaces Divide the closed cylinder into its curved surface and its
two circular end faces. The electric field is parallel to the cylinder’s axis, whereas the outward normal
to the curved surface is perpendicular to that axis. Thus E - dA = 0 on the curved surface and its flux
is zero. The radius in SI units is r = 2cm = 0.02 m, so each end has area

A =7mr? = 7(0.02)2 = 47 x 107t m?.

Step 2: Calculate the outward flux through both ends At x = +5 cm, both the field and the outward
area vector point along +i, giving ®, = 100A. At x = —5cm, both point along —i, so their dot
product is again positive: ®_ = (—100:) - (—Ai) = 100A. Consequently the two fluxes add, even
though the field directions are opposite:

et = 1004 + 1004 = 0.087 ~ 0.2513N m?C .

Step 3: Apply Gauss’s law for the enclosed charge The total outward flux fixes the net charge inside
the closed cylinder, irrespective of its detailed distribution. Substituting the flux gives

Qenclosed = €0Pnet = (8.854 x 10712)(0.087) ~ 2.23 x 1072 C.

The charge is positive because the net flux is outward. The cylinder length does not enter the result:
the field has constant magnitude on each end face, and the curved surface contributes no flux.

Step 4: Conclusion (a) The net outward flux is |0.087 ~ 0.2513 N m2C~! ‘ (b) The net enclosed
charge is | +2.23 x 1072 C|.

Quick Tip to Solve: Assign an outward normal separately to each end cap; opposite fields need not cancel
when the outward normals are also opposite.

24. Answer the following, giving reasons:

(a) The maximum kinetic energy of the photoelectrons is independent of the intensity of incident
radiation.

(b) Photoelectric current increases with the increase in the intensity of the incident radiation.

(c) The stopping potential 1} varies linearly with the frequency v of the incident radiation for a given
photosensitive surface. [3 marks]

Solution:

Concept:

* A photon of frequency v carries energy hv, where h is Planck’s constant. In the usual photoelectric
process, one electron absorbs energy from one photon.

* Einstein’s photoelectric equation is K,.x = hv — ¢, where ¢ is the surface work function. Emission
requires v > vy = ¢/h.

* Stopping potential is related to maximum Kkinetic energy by eV = Kpnax, With e the positive
magnitude of the electron charge. Photocurrent measures collected charge per unit time.

Step 1: Explain why intensity does not set maximum kinetic energy (a) At a fixed frequency above
threshold, increasing intensity increases the number of photons reaching the surface per second, but
the energy hv of each photon remains unchanged. An electron uses energy ¢ to escape, so the largest
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possible remaining energy is
Kiax = hv — ¢.

For a given photosensitive surface, ¢ is fixed. Thus intensity changes the number of emitted electrons,
not their maximum kinetic energy.

Step 2: Relate photon arrival rate to photoelectric current (b) For monochromatic radiation of fixed
frequency, incident power P supplies photons at the rate N,Y = P/(hv). Increasing intensity at fixed
illuminated area increases P, hence the number of photons available to eject electrons each second.
With unchanged collection conditions, more photoelectrons reach the anode per second. Since

Iph = eNeollected

the photoelectric current increases. Saturation current is proportional to intensity because all emitted
electrons are collected. Below threshold, increasing intensity cannot initiate emission in the usual
photoelectric experiment.

Step 3: Obtain the frequency dependence of stopping potential (c¢) At the stopping potential, the
retarding electric field just stops even the fastest photoelectrons. Therefore
h
eVo=hr—¢ = Voz—y—?.
e e
This has the straight-line form y = mx + ¢, with slope h/e and extrapolated vertical intercept —¢/e.
It meets the frequency axis at vy = ¢/h, where the maximum kinetic energy becomes zero.

Step 4: Conclusion At fixed frequency, intensity controls the photon arrival rate and thus photocurrent,
while K., depends on photon energy. For a fixed surface, | Vo = (h/e)v — ¢/e
varies linearly with frequency above threshold.

, so stopping potential

Quick Tip to Solve: Separate photon energy from photon number: frequency controls K., and Vj; intensity
controls the number of photoelectrons emitted per second.

25(a). (i) Write Biot-Savart’s law in vector form.

(ii) Two identical circular coils A and B, each of radius R, carrying currents I and /3 I respectively,
are placed concentrically in XY and Y Z planes respectively. Find the magnitude and direction of the
net magnetic field at their common centre. [3 marks]

Solution:

Concept:

* Biot-Savart’s law gives the magnetic field of a current element: dB = (u/47)I(dl x #)/r2. The
vector 7 points from the current element to the observation point, and d¢ follows the current.

* The field at the centre of a single circular loop of radius R is B = uol/(2R), normal to the loop’s
plane, with its sense fixed by the right-hand rule. Fields add vectorially by superposition.

Step 1: State Biot-Savart’s law in vector form (i) For a steady current element | dZ the field at

CBSE Class 12 Page 22 of 47 # collegedunias



displacement i = r7 is

po Tdl x| po Idl x 7

dB = =
47 r? AT 3

Here p is the permeability of free space. The cross product makes dB perpendicular to both the
current element and its displacement towards the observation point.

Step 2: Find the perpendicular fields of the two coils (ii) Coil A lies in the XY plane, so its field is
along the Z axis. Coil B lies in the Y Z plane, so its field is along the X axis. Using the circular-loop
centre-field formula, their magnitudes are

I 3ol
_ Mol B:\[uo'

B —
AT 9R’ B oR

These fields are perpendicular; their magnitudes must not be added directly.

Step 3: Add the fields and specify the resultant direction The magnitude follows from Pythagoras:

I I
Buey = \/B% + B2 = %\/1 3= ‘%.

Let 6 be the angle from Bp towards B4. Then

By 1
tanf = —/— = —, 0 = 30°.
B V3
Thus the resultant lies in the X 7 plane, at 30° to coil B’s field and 60° to coil A’s field. The paper
does not specify the circulation senses. If the currents produce fields along +X and +Z, respectively,

then

5, = ol m g
Bnet = R (\/§Z—|—k)

Reversing either current reverses its corresponding component. If each coil has N turns, all field
magnitudes acquire the same factor N.

Step 4: Conclusion For the stated loops,

Bhet = ol /R ‘ It lies in the X7 plane, 30° from Bg

towards B4 (60° from B 4); the signed axial components follow the current senses by the right-hand
rule.

Quick Tip to Solve: First take the normal to each coil’s plane, then combine the perpendicular fields. Measure
the smaller angle from the larger field, here coil B’s field.

OR

25(b). (i) A rectangular loop of sides [ and b carries a current / clockwise. Write the magnetic moment
m of the loop and show its direction in a diagram.

(ii) The loop is placed in a uniform magnetic field B and is free to rotate about an axis which is
perpendicular to B. Prove that the loop experiences no net force, but a torque 7 = m x B. [3 marks]

Solution:

Concept:

* A plane current loop has magnetic moment m = I An, where A is its area and 7 is the right-hand-
rule normal.
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* In a uniform magnetic field the force on a straight side is F =IL x B, where L points along the
current. Equal opposite forces can form a couple.

Step 1: (i) Find the magnetic moment and its direction The area of the rectangular loop is A = b, so
its moment has magnitude m = Ilb, in A m?. Curl the fingers of the right hand along the clockwise
current as viewed in the diagram. The thumb points into the page, perpendicular to the loop. Hence
m = Ilbn, with 7 directed into the page, represented by ®.

I

Y
\
>

3 b

m into page

A
s
<€

A
\ 4

Clockwise current; the magnetic moment is normal to the loop and into the page.

Step 2: (ii) Add the forces on all four sides Each side has an opposite side of equal length carrying
current in the opposite direction. Since the field is the same everywhere, their magnetic forces cancel
pairwise. Equivalently, taking the vector sum around the closed rectangle,

ﬁnet:I<ZE> F-
sides

Zero resultant force therefore prevents translational acceleration due to the field, but does not require
zero torque.

Step 3: Calculate the couple acting on the loop Let 6 be the angle between 7 and B. Take the
rotation axis through the loop centre parallel to the sides of length [, perpendicular to B. Each of these
two sides experiences force F' = [IB. Their forces are opposite and have perpendicular separation
bsin 0, so their couple is

7= F(bsinf) = [1bBsinf = mBsin 6.

The forces on the other two sides act along their common line through the loop centre and give
no resultant torque. The couple turns the loop to align its magnetic moment with the field. The
right-hand rule gives its vector direction as 1 x B. This expression is independent of the chosen
drawing orientation and vanishes when the moment is parallel or antiparallel to the field.

Step 4: Conclusion , directed into the page for the clockwise loop. In a uniform field,
: X

F.t=0|and|T=m

ov]}

Quick Tip to Solve: Measure the torque angle from the normal to the loop, not from its plane; clockwise
current gives a normal into the page.
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26. Name the electromagnetic radiations and write their frequency range:

(a) Used to take the photograph of the bones

(b) Produced by hot bodies

(c) Used in television communication systems [3 marks]

Solution:

Concept:

* Electromagnetic waves form a continuous spectrum; the conventional frequency boundaries
between named bands are approximate and may overlap.

* Frequency v and wavelength ) are related by v = ¢/), where ¢ = 3 x 10® m s~!. Higher frequency
corresponds to shorter wavelength.

Step 1: (a) Identify the radiation used for bone photographs X-rays are used for radiographs of
bones. Their approximate frequency range is 10161020 Hz. Soft tissue transmits X-rays more readily
than dense bone, so the different absorption produces contrast on the detector. The whole X-ray band
is not used in a single medical exposure; the answer names the radiation and its broad spectral range.

Step 2: (b) Identify radiation associated with hot bodies Infrared radiation is the characteristic heat
radiation emitted strongly by ordinary hot bodies. Its approximate frequency range is 10''—4 x 104 Hz.
This lies below visible light in frequency. Thermal radiation is a continuous spectrum: a sufficiently hot
body also emits visible light, so saying infrared does not imply that all hot bodies emit only infrared.

Step 3: (c) Identify the waves used for television communication Radio waves, specifically the
VHF and UHF bands, are used in terrestrial television communication. Television frequencies are
approximately 4 x 107-10° Hz, that is, about 40 MHz to 1 GHz. These are a portion of the much
broader radio spectrum, rather than the full radio-wave band. The carrier frequency is far higher than
the audio and picture information frequencies impressed on it.

Step 4: Conclusion (a) X-rays: approximately 106-102° Hz. (b) Infrared: approximately 10'!-4 x
10 Hz. (c) Radio waves in the television VHF/UHF bands: approximately 4 x 10’—10° Hz.

Quick Tip to Solve: Match bones with penetrating X-rays, heat with infrared, and terrestrial television with
VHF/UHF radio waves; quote frequencies in hertz.

27. An ac source of voltage V' = 1}y sin wt is connected to a circuit element X. It is observed that the

. . . T
current flowing through X varies as [ = I sin (wt — 5) .
(a) Identify the element X and write the expression for its reactance.

(b) Plot a graph to show the variation of reactance of the element with the frequency of the applied
voltage.

(c) Draw plots showing the variation of voltage and current with time over one cycle of applied
ac. [3 marks]

Solution:

Concept:

* For an ideal inductor of inductance L, the applied voltage is V' = L dI/dt; the sinusoidal current
lags the voltage by 7/2.
* Inductive reactance is X; = wL = 27 f L, where w is angular frequency and f is frequency in hertz.
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The periodis T =1/f.

Step 1: (a) Identify the element using its phase relation The voltage phase is wt, whereas the current
phase is wt — w/2. Thus current lags voltage by one quarter of a cycle, identifying X as an ideal
inductor. A resistor would have zero phase difference, while a capacitor would make current lead
voltage. Differentiate the given current:

dl .
i wlp cos(wt — 7/2) = wlp sinwt,
V = wLljsin wt.

Comparing with V sinwt gives Vy = wLI, and therefore X = Vy/Iy = wL = 2rfL, measured in
ohms.

Step 2: (b) Plot reactance against frequency With L constant, X; = 2nLf is directly proportional to
f. The graph is a straight line through the origin, with positive slope 27 L. Its intercept is zero because
an ideal inductor has zero reactance at zero frequency. Doubling the applied frequency doubles the
reactance.

X1 ()

Z q'r@)%
43

slope = 27

; f (H2)

Inductive reactance versus frequency for constant inductance.

Step 3: (c) Plot voltage and current over one complete cycle Write the waveforms in terms of the

period:
vV . 27t I 27t

%:sm?, TOZ—COST.
At t = 0, voltage is zero and increasing, while current is — ;. Voltage reaches its positive maximum at
T'/4; current reaches its positive maximum at 7'/2. Thus the current curve is shifted to the right by
T'/4. The plotted ordinates are normalized to their respective amplitudes so that voltage and current,

which have different units, can be compared on the same axes.
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— V/Vo--- I/

—1 1

One cycle: voltage (solid) and current (dashed), normalized to their own amplitudes.

Step 4: Conclusion X is an ideal inductor, with ‘ Xp=wL=2nfL ‘ Its reactance rises linearly with
frequency, and its current lags the voltage by , corresponding to a time delay of 7'/4.

Quick Tip to Solve: The minus sign inside the current phase means lag. Start the current plot at its negative
maximum, not at zero, when voltage is a sine wave.

28. Write the mathematical forms of three postulates of Bohr’s theory of the hydrogen atom. Using
them prove that, for an electron revolving in the n" orbit,

(a) the radius of the orbit is proportional to n?, and

1
(b) the total energy of the atom is proportional to <n2> . [3 marks]
Solution:
Concept:

* In the Bohr model, the electrostatic attraction supplies centripetal force: m.v2 /r, = ke? /r2, where
k = 1/(4mep), me is electron mass and e is the magnitude of its charge.

* The allowed angular momenta are integral multiples of 7 = h/(27). Potential energy is measured
from zero at infinite separation, so a bound hydrogen atom has negative total energy.

Step 1: State the three postulates mathematically An electron revolves in certain stationary orbits
without radiating energy: in an allowed orbit, dE,,/dt = 0 and the radiated power is zero. Only orbits
with quantised angular momentum are allowed:

h
mevnrn:nh:n—, n=123,...
27

Radiation is emitted or absorbed only during a transition between stationary states. Its frequency
satisfies hv = |E; — Ey|; for emission from a higher to a lower state, hv = E; — Ej.

Step 2: Derive the radius dependence for part (a) Apply the force equation and substitute the speed
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from angular-momentum quantisation:

nh
mev%rn = ke2, Vp = o~
e'n
n?h? 9 h? 9
=ke®, rp=———n"
MeTn meke

The coefficient contains only constants for hydrogen; increasing the orbit number therefore changes
the radius by the square of that number.

Step 3: Derive the total-energy dependence for part (b) From the same force equation, kinetic energy
is K,, = $mev2 = ke?/(2ry). The electron and proton attract, so their electrostatic potential energy is

U, = —ke?/r,,. Therefore,

k 2
Ep=Kn+Up=——
2ry,

- mek2et i

- 2r2  n?’

Thus the proportionality coefficient in the printed statement E,, < 1/n? is negative. The magnitude
decreases as 1/n?, while the signed energy approaches zero from below as n increases.

Step 4: Conclusion 7, = agn?, where a9 = h%/(m.ke?), and E, = —C/n?, where C =

mek?e*/(2h%) > 0. Hence the radius is proportional to n?, and the total energy has the stated
inverse-square dependence with a negative proportionality constant.

Quick Tip to Solve: Eliminate speed between Coulomb force and angular momentum to obtain the radius,
then use E = —K = —ke?/(2r) to find the energy dependence immediately.
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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. In a metallic conductor, an electron, moving due to thermal motion, suffers collisions with
the heavy fixed ions but after collision, it will emerge out with the same speed but in random
directions. If we consider all the electrons, their average velocity will be zero. When an electric
field is applied, electrons move with an average velocity, known as drift velocity (v;). The average
time between successive collisions is known as relaxation time (7). The magnitude of drift velocity
per unit electric field is called mobility (1). An expression for current through the conductor can be
obtained in terms of drift velocity, number of electrons per unit volume (n), electronic charge (—e¢),
and the cross-sectional area (A) of the conductor. This expression leads to an expression between
current density (.J) and the electric field (E). Hence, an expression for resistivity (p) of a metal is
obtained. This expression helps us to understand increase in resistivity of a metal with increase in
its temperature, in terms of change in the relaxation time (7) and change in the number density of
electrons (n). [4 marks]

29(i)(a). Consider the contribution of the following two factors I and II in resistivity of a metal:
I. Relaxation time of electrons
I1. Number of electrons per unit volume

The resistivity of a metal increases with increase in its temperature because: [1 mark]

(A) I decreases and II increases.

(B) I increases and II is almost constant.
(C) Both I and II increase.

(D) I decreases and II is almost constant.

Correct Answer: (D) I decreases and II is almost constant.

Solution:

Concept:

* The Drude expression for resistivity is p = m/(ne?r), where m is the electron mass, n the free-
electron number density and 7 the relaxation time.

* Heating a metal increases lattice vibrations and the frequency of electron collisions; its free-electron
number density remains approximately constant.

Step 1: Identify the temperature dependence Stronger thermal vibrations of the ions scatter con-
duction electrons more frequently. The mean time between collisions, factor I, therefore decreases.
Unlike a semiconductor, a metal already has a large supply of conduction electrons, so heating does
not appreciably increase factor II.

Step 2: Apply the resistivity relation With m, e and approximately n fixed, p « 1/7. A decrease in 7
raises the resistivity. Option (A) incorrectly asserts an increase in n; options (B) and (C) incorrectly
assert an increase in 7.

Step 3: Conclusion Factor I decreases and factor II is almost constant. Hence, the correct option is

D).

Quick Tip to Solve: For a heated metal, hold n approximately fixed and track the decrease in collision time in
p =m/(ne?r).
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OR

29(i)(b). A steady current flows in a copper wire of non-uniform cross-section. Consider the following
three physical quantities:

I. Electric field

II. Current density

III. Drift speed

Then at the different points along the wire: [1 mark]

(A) II and III change, but I is constant.

(B) I and II change, but III is constant.

(C) I and I change, but II is constant.

(D) All 1, IT and IIT change.

Correct Answer: (D) All I, IT and IIT change.

Solution:

Concept:

* In steady flow through one continuous wire, charge conservation makes the current I the same
through every cross-section.

* The local relations are J = I /A, vy = I/(neA) and E = pJ, where A is the cross-sectional area, n
the electron number density and p the resistivity.

Step 1: Compare current density and drift speed Copper has the same material parameters along
the wire under the usual uniform-temperature assumption. Since A varies and the steady current is
constant, both J and v, vary inversely with A. They are larger in a narrower part of the wire. Thus
quantities II and III change.

Step 2: Determine the electric field The microscopic Ohm law gives E = pI/A. The field also varies
inversely with cross-sectional area, so quantity I changes. Constant current does not mean constant
field. Option (A) incorrectly keeps F constant, (B) keeps vy constant and (C) keeps J constant.

Step 3: Conclusion Electric field, current density and drift speed all change along the non-uniform
wire. Hence, the correct option is (D).

Quick Tip to Solve: In a steady current through a varying cross-section, conserve [; then J, vy and E all scale
as 1/A.
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29(ii). The temperature coefficient of resistance of nichrome is 1.70 x 10~* °C~!. In order to increase
resistance of a nichrome wire by 8.5%, the temperature of the wire should be increased by: [1 mark]
(A) 250°C

(B) 500°C

(C) 850°C

(D) 1000°C

Correct Answer: (B) 500°C

Solution:

Concept:

* The linear temperature law is R = Ry(1 + «AT'), where Ry is the initial resistance and « the given
temperature coefficient.

* The fractional increase in resistance is AR/ Ry = aAT'; a percentage must be divided by 100 before
substitution.

Step 1: Express the increase as a fraction The stated increase is 8.5%, so AR/ Ry = 8.5/100 = 0.085.
With o = 1.70 x 10~%°C™!, the initial resistance cancels from the calculation.

Step 2: Calculate the temperature rise Rearranging the linear law gives

0.085
AT=—— = °C.
1.70 x 104 200

The alternatives 250, 850 and 1000 °C would produce increases of 4.25%, 14.45% and 17%, respectively,
so they do not satisfy the specified increase.

Step 3: Conclusion The required temperature rise is 500 °C. Hence, the correct option is (B).

Quick Tip to Solve: Divide the percentage increase by 100c«; the result is a temperature rise, so no initial
temperature is needed.

29(iii). A wire of length 0.5 m and cross-sectional area 1.0 x 10~" m? is connected to a battery of
2V that maintains a current of 1.5 A in it. The conductivity of the material of the wire (in Q! m~1!)
is: [1 mark]
(A) 2.5 x 10*

(B) 3.0 x 10°

(C) 3.75 x 108

(D) 5.0 x 107

Correct Answer: (C) 3.75 x 108

Solution:

Concept:

* Conductivity o relates current density and electric field through J = o E; it is the reciprocal of
resistivity.
* For a uniform wire of length L and area A, J = I/Aand E = V/L, giving o = I[L/(V A).

Step 1: Find the field and current density The voltage across the wire is 2V, its length is 0.5 m, and
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its area is 1.0 x 10~ " m2. Thus

1.5

9
E=-"=4Vm! J
0.5 o

Step 2: Calculate and check conductivity Taking the ratio yields

J  1.5x107 B il il

As acheck, R=V/I =4/3Q and 0 = L/(RA) give the same value. None of the other three options
satisfies I = 0 AV/L; confusing conductivity with resistivity would invert the required result.

Step 3: Conclusion The conductivity is 3.75 x 10° Q~'m~!. Hence, the correct option is (C).

Quick Tip to Solve: Use o = IL/(V A) directly and retain the negative exponent in area before evaluating the
power of ten.

29(iv). Consider two cylindrical conductors A and B, made of the same metal connected in series to a

battery. The length and the radius of B are twice that of A. If 14 and pp are the mobility of electrons

in A and B respectively, then PA s [1 mark]

KB
(A)

B
©) 2
(D) 1

Correct Answer: (D) 1

(S CR

Solution:

Concept:

* Electron mobility is 4 = vg/E = er/m, where v, is drift speed, F the electric-field magnitude and
7 the relaxation time.

* For the same metal at the same temperature, mobility is a material property and does not depend
on the length or radius of the specimen.

Step 1: Compare the material properties Both conductors contain electrons with the same charge and
mass and have the same relaxation time under the usual common-temperature assumption. Therefore
their expressions er/m are equal. Geometrical differences affect resistance and local field but do not
change this material parameter.

Step 2: Check the effect of the larger radius The radius of conductor B is twice that of A, so its
cross-sectional area is four times as large. Their series current is identical; hence vg p = v4 4/4. Since
E = pI/A, also Eg = E4/4. These factors cancel in v;/E. Option (B) confuses a drift-speed ratio
with mobility, while (A) and (C) incorrectly attribute a geometrical dependence to mobility.

Step 3: Conclusion py = up, so ua/up = 1. Hence, the correct option is (D).

Quick Tip to Solve: Before using length or radius ratios, check whether the requested quantity is a material
property: mobility is er/m.
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30. When light travels from an optically denser medium to an optically rarer medium, at the interface
it is partly reflected back into the same medium and partly refracted to the second medium. The
angle of incidence corresponding to an angle of refraction 90° is called the critical angle (i.) for
the given pair of media. This angle is related to the refractive index of medium 1 with respect to
medium 2. Refraction of light through a prism involves refraction at two plane interfaces. A relation
for the refractive index of the material of the prism can be obtained in terms of the refracting angle
of the prism and the angle of minimum deviation. For a thin prism, this relation reduces to a simple
equation. Laws of refraction are also valid for refraction of light at a spherical interface. When an
object is placed in front of a spherical surface separating two media, its image is formed. A relation
between object and image distance, in terms of refractive indices of two media and the radius of
curvature of the spherical surface can be obtained. Using this relation for two surfaces of a lens, ‘lens
maker formula’ is obtained. [4 marks]

30(i). An object is placed in front of a convex spherical glass surface (n = 1.5 and radius of curvature
R) at a distance of 4R from it. As the object is moved slowly close to the surface, the image formed
is: [1 mark]
(A) always real

(B) always virtual

(C) first real and then virtual

(D) first virtual and then real

Correct Answer: (C) first real and then virtual

Solution:

Concept:

* Refraction from air into glass obeys ny/v — ny/u = (n2 — n1)/R, where u, v are signed object and
image distances.

» With light travelling into the convex glass surface, R > 0, a real object has u < 0, and an image
with v > 0 is real in glass.

Step 1: Apply the surface formula Write the positive object distance as z, so u = —x. Withn; =1

and ny = 1.5,
I E 3Rx

r R’ YT T 2R
Initially x = 4R, giving v = 6R > 0. Thus the initial image lies inside the glass and is real.

L5
v

Step 2: Track the sign as the object approaches As x decreases from 4R to 2R, the denominator stays
positive and the real image moves towards infinity. At z = 2R, the emerging rays are parallel. For
0 <z < 2R, v <0, so the refracted rays diverge and their backward extensions give a virtual image.
Consequently neither an always-real nor an always-virtual image is possible; the reverse sequence
also contradicts the positive initial image distance.

Step 3: Conclusion The image is first real and then virtual as the object crosses the object-focus
position 2R. Hence, the correct option is (C).

Quick Tip to Solve: Find where the denominator of v = 3Rxz/(x — 2R) changes sign; this locates the real-to-
virtual transition immediately.
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30(ii). A double-convex lens, made of glass of refractive index 1.5, has focal length 10 cm. The radius
of curvature of its each face, is: [1 mark]
(A) 10 cm

(B) 15 cm

(C) 20 cm

(D) 40 cm

Correct Answer: (A) 10 cm

Solution:

Concept:

* For a thin glass lens in air, the lens maker formulais 1/f = (n — 1)(1/R; — 1/Rz2), where n is its
refractive index.

* For a double-convex lens with equal curvature magnitudes R, the Cartesian signs are R1 = +R
and Ry = —R.

Step 1: Insert the signed radii Light entering the first convex surface meets a centre of curvature on
the positive side, whereas that of the second surface lies on the negative side. Therefore,

oo (- ) - o2

The contributions of both refracting surfaces add; they do not cancel.

Step 2: Substitute the refractive index and focal length Rearranging gives R = 2(n — 1) f. Here
n = 1.5 and f = 10 cm, hence
R=2(1.5—-1)(10cm) = 10 cm.

The alternatives 15, 20 and 40 cm do not satisfy the lens maker relation. In particular, R = 2f is the
spherical-mirror relation and cannot be applied to this lens.

Step 3: Conclusion The radius of curvature of each face is 10 cm. Hence, the correct option is (A).

Quick Tip to Solve: For an equiconvex glass lens with n = 1.5, the factor 2(n — 1) equals one, so each radius
equals the focal length.
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30(iii). A small bulb is placed at the bottom of a tank containing a transparent liquid (refractive index
n) to a depth H. The radius of the circular area of the surface of liquid, through which light from the

R
bulb can emerge out, is R. Then <H> is: [1 mark]

1
A ——
(A) =

(B) vn? -1
1

© AR
ns+1
(D) vn?2+1

1
Correct Answer: (A)

n? —1

Solution:

Concept:

* Light travelling from liquid of refractive index n into air has critical angle 4., with sini. = 1/n.
* The limiting ray from a bulb at depth H reaches the edge of the escape circle of radius R, giving
tani. = R/H.

Step 1: Identify the limiting emerging ray A ray directed to a surface point at horizontal distance r
from the point above the bulb makes angle  with the vertical normal, where tani = r/H. Rays with
i < i. emerge, while those with i > i. undergo total internal reflection. Thus the boundary is set by
t=1i.and r = R.

Step 2: Convert the critical-angle relation to a tangent From sini, = 1/n, the positive cosine is

cosi. = v/n? —1/n. Hence

R , 1/n 1
— = tani. = = 5
H nZ—1/n n?—1

Option (B) gives the reciprocal ratio H/R. The plus signs in (C) and (D) are incompatible with

cos?i. = 1 — sin? i,; they cannot describe the boundary ray.

Step 3: Conclusion The radius-to-depth ratio is R/H = 1/v/n? — 1. Hence, the correct option is (A).

Quick Tip to Solve: At the escape-circle boundary, use R/H = tan ., not sini.; the depth is the adjacent side
of the triangle.
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30(iv)(a). A parallel beam of light is incident on a face of a prism with refracting angle 60°. The angle
of minimum deviation is found to be 30°. The refractive index of the material of the prism is close
to: [1 mark]
(A) 1.3

B) 14

Q@15

(D) 1.6

Correct Answer: (B) 1.4

Solution:

Concept:

* At minimum deviation, the path through a prism is symmetric: i = e and r, = r, = A/2, where A
is the prism angle.

* For a prism in air, its refractive index is n = sin[(A + D,,)/2]/ sin(A/2), with minimum deviation
Dp,.

Step 1: Determine the symmetric ray angles The deviation relation is D,,, =i+ e — A = 2i — A. With

A = 60° and D,,, = 30°, the incidence angle is

o 60° +30°

A
— 45° = = = 30°.
2 o TT

These are the angles to use in Snell’s law at the first interface.

Step 2: Evaluate the refractive index Applying n = sini/sinr,

_sin45°_1/ﬂ_\/§wl414
~ sin30° 172 0 T T T

The nearest printed value is 1.4; the distances from 1.3, 1.5 and 1.6 are larger. Using the thin-
prism approximation here would give 1.5, but a 60° prism is not a thin prism, so that shortcut is
inappropriate.

Step 3: Conclusion The refractive index is approximately 1.414, closest to 1.4. Hence, the correct
option is (B).

Quick Tip to Solve: For a 60° prism use the sine formula; reserve D,, = (n — 1)A for a prism explicitly
described as thin.
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OR

30(iv) (b). The angle of minimum deviation for a ray of light incident on a thin prism, made of crown
glass (n = 1.52) is D,,. If the prism was made of dense flint glass (n = 1.62) instead of crown glass,
the angle of minimum deviation will: [1 mark]
(A) decrease by 4%

(B) increase by 4%

(C) decrease by 19%

(D) increase by 19%

Correct Answer: (D) increase by 19%

Solution:

Concept:
* For a thin prism, D,, = (n — 1)A, where n is refractive index and A the prism angle.
* For fixed A, deviation is proportional to n — 1.

Step 1: Compare the deviations for the two glasses For crown glass, D,, = (1.52 — 1)A = 0.52A. For
dense flint glass, the new deviation D), is

D! = (1.62—1)A = 0.624,

The higher index increases deviation, ruling out (A) and (C).

Step 2: Calculate the percentage increase The change must be compared with the original crown-glass
deviation:
D! —D 0.62 — 0.52

—m M 100% = ————= x 100% ~ 19.23%.
oL e 0mp < 100% %

Thus the increase is approximately 19%, ruling out the 4% in (B). Comparing indices directly would
use the wrong baseline: deviation depends on n — 1.

Step 3: Conclusion The minimum deviation increases by approximately 19%. Hence, the correct
option is (D).

Quick Tip to Solve: For a change of glass in the same thin prism, divide An by the original n — 1 to obtain the
fractional change in deviation.

Section E (15 marks)

31(a). (i) With the help of a labelled diagram, explain the principle of working of a moving coil
galvanometer. Write the purpose of using (i) radial magnetic field, and (ii) soft iron core, in it.

(ii) Define current sensitivity of a galvanometer. “Increasing the current sensitivity may not necessarily
increase the voltage sensitivity.” Give reason. [5 marks]

Solution:

Concept:

* A current-carrying coil in a magnetic field experiences a torque. For a coil of N turns and area A,
Tm = NITAB sin o, where « is the angle between its normal and the field B.
* The suspension provides a restoring torque 7,, = k6, where k is the torsional constant and @ is the
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angular deflection in radians.
* Current sensitivity is deflection per unit current, S; = 0/1. Voltage sensitivity is deflection per unit
applied voltage, Sy = 0/V’; the coil resistance G gives V = IG.

Step 1: (i) Identify the construction and working principle A light rectangular coil of many turns is
suspended between the concave pole pieces of a strong permanent magnet. A cylindrical soft iron
core is placed inside the coil. A fine torsion suspension and a lower spring carry current to and from
the coil and provide the restoring torque. A pointer or mirror indicates its angular deflection. The
diagram is a schematic view: the coil rotates about the vertical suspension axis while the core remains
fixed. When current flows, the magnetic forces on the two opposite vertical sides of the coil form
a couple. Thus the coil turns, twisting the suspension. It comes to rest when the opposing elastic
torque balances the magnetic torque. This conversion of a small current into an observable angular
deflection is the principle of the moving coil galvanometer.

Torsion suspension

Concave pole Pointer
piece /

— >
Fixed soft
N iron core S
— T
I
Rectangular coil %\ Lower spring

Radial field in
the air gaps

Moving coil galvanometer: coil, fixed core, concave pole pieces, suspension and indicating pointer (schematic).

Step 2: (i) Explain the radial magnetic field and obtain the deflection The shaped pole pieces and
cylindrical core create a radial magnetic field in the air gap. At every working position of the coil, its
plane remains parallel to the local field at its active sides. Its normal is therefore perpendicular to the
field, so the torque is maximum for a given current and does not acquire a deflection-dependent sine
factor:

Tm = NIABsin90° = NIAB.

At equilibrium the magnetic torque equals the restoring torque:

NIAB =k = Q:NTAB.

Hence the deflection is directly proportional to current, producing a uniform scale. Reversing the
current reverses the magnetic couple and therefore the deflection.

Step 3: (i) State the purpose of the soft iron core Soft iron has high magnetic permeability. The
core concentrates and strengthens the magnetic field in the narrow air gap, increasing the torque
and deflection produced by a small current. Its cylindrical shape, together with the concave pole
faces, also helps make the field radial. Thus the radial geometry gives a linear current scale, while the
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increased field strength improves sensitivity.

Step 4: (ii) Define and calculate current sensitivity The current sensitivity of a galvanometer is the
angular deflection produced per unit current through its coil. From the equilibrium relation,
0 NAB
Sp=—-=——.
I k
Its SI unit is rad A~. A greater number of turns, larger coil area, stronger magnetic field, or smaller
torsional constant increases current sensitivity when the other quantities remain fixed.

Step 5: (ii) Relate voltage sensitivity to coil resistance If V is the potential difference across a coil of
resistance G, then I = V/G. Substitution gives

NAB 0 AB S

§=—"""V, Syp=—=—T="1
kG \% kG G

Consequently, a change that raises S; may also raise G, so the ratio S;/G need not increase. For
example, increasing the number of turns using the same wire and approximately the same area per
turn increases both N and wire length. Since resistance is proportional to wire length, both S; and G
increase in approximately the same ratio; voltage sensitivity is then approximately unchanged. An
increase of current sensitivity increases voltage sensitivity only if it is not offset by the change in
resistance.

Step 6: Conclusion The galvanometer works by magnetic torque balanced by elastic restoring torque,
giving § = NIAB/k. The radial field ensures a uniform scale, and the soft iron core strengthens and
helps radialise the field. Current sensitivity is S; = N AB/k, but voltage sensitivity is Sy, = S;/G; an
accompanying increase in coil resistance can prevent any increase in voltage sensitivity.

Quick Tip to Solve: First write Kk = NIAB, then divide by I or by V' = IG. Always check the coil resistance
before comparing voltage sensitivities.

OR

31(b). (i) (I) Write Ampere’s circuital law in mathematical form and explain the terms used.

(I1) As the current carrying solenoid is made longer, the magnetic field produced outside it approaches
zero. Why?

(I11) A flexible loop of irregular shape carrying current when located in an external magnetic field,
changes to a circular shape. Give reason.

(ii) A galvanometer of resistance G is converted into a voltmeter to measure up to V volts, by
connecting a resistance R in series with the coil. If R; is replaced by R,, then it can only measure

14 . . . ..
up to 5 volt. Find the value of the resistance R3 (in terms of R; and R,) needed to convert it into a
voltmeter that can read up to 2V'. [5 marks]

Solution:

Concept:
* Ampere’s circuital law relates the circulation of a steady magnetic field around a closed path to the
net current enclosed by that path.

* Magnetic fields obey superposition. For an ideal infinitely long solenoid the exterior fields of its
turns cancel, while the interior fields reinforce.
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* A current element in a magnetic field experiences dF = Idl x B. A planar current loop has
magnetic moment 7 = I An and magnetic potential energy U = —m - B.

* A galvanometer of coil resistance G and full-scale current /,, with series resistance R, has voltmeter
range Viax = I4(G + R).

Step 1: (i) (I) State Ampere’s circuital law and identify the terms For steady currents in free space,
the line integral of the magnetic field around a closed path is

7{ B-dl = 1olenc-
C

Here B is the magnetic field at an element of the closed path C, df is the directed infinitesimal path
element, and g is the permeability of free space. The symbol I.,. denotes the algebraic sum of
the currents passing through a surface bounded by C. The positive normal to that surface and the
direction of traversal of C are linked by the right-hand rule; oppositely directed currents therefore
enter with opposite signs.

Step 2: (i) (II) Explain the weak exterior field of a long solenoid Each turn produces a magnetic
field, and the resultant field is their vector sum. Inside a long solenoid, the axial contributions of
neighbouring turns reinforce. Outside it, the contributions largely cancel; the remaining external field
is mainly associated with the ends. As the solenoid is lengthened, a point outside near its central
region lies farther from both ends, so these end effects decrease. In the infinitely long idealisation the
cancellation outside is complete. A finite solenoid can still have an appreciable field near an end, so
the zero-field statement refers to the long-solenoid approximation away from the ends.

Step 3: (i) (III) Explain why the flexible loop becomes circular The magnetic force on every small
current-carrying segment is perpendicular to that segment. The loop tends to orient its magnetic
moment along the external field. In this stable orientation the forces on its elements act outward in its
plane and tend to increase its enclosed area. Equivalently, with s7; parallel to B, the energy U = —IAB
decreases as the area A increases. The wire length, hence the perimeter, remains fixed. Among plane
figures with a given perimeter, a circle encloses the largest area; the flexible loop therefore tends to
take a circular shape.

Step 4: (ii) Use the two stated voltmeter ranges The full-scale current /, and coil resistance G are
properties of the same galvanometer and remain unchanged when the series resistor changes. Hence

V= Ig(G + Rl),
v

Divide the first equation by the second and rearrange:

G+R1 = 2(G+ R2)7
G = R; — 2R».
In particular, physical positive coil resistance requires R; > 2R3, consistent with the larger series
resistance giving the larger range.

Step 5: (ii) Set up the doubled-range condition For the desired range, the total resistance must permit
the same full-scale current at 2V:
2V = Ig(G + R3).
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Comparing this with V' = I,(G + R;) gives

G+ R3 = 2(G+R1),
R3s =G + 2R;.

The resistance being doubled is the total resistance, including the galvanometer coil; doubling only
the external resistor would not give the required range.

Step 6: Conclusion Ampere’s law is § B.dl = tolenc. Exterior-field cancellation explains the long-
solenoid limit, and the loop becomes circular to maximise area at fixed perimeter in its stable magnetic
orientation. Substituting G = R; — 2Ry, the required series resistance is| R3 = 3R; — 2Ry |.

Quick Tip to Solve: For different ranges of the same galvanometer, keep I, fixed and take ratios of G + R. A
doubled voltmeter range requires twice the total resistance, including G.

32(a). (i) Explain with the help of a labelled ray diagram the formation of final image by an
astronomical telescope at infinity. Write the expression for its magnifying power.

(ii) The total magnification produced by a compound microscope is 20. The magnification produced
by the eyepiece is 5. When the microscope is focussed on a certain object, the distance between the
objective and eyepiece is observed to be 14 cm. Calculate the focal lengths of the objective and the
eyepiece. (Given that the least distance of distinct vision = 25 cm) [5 marks]

Solution:

Concept:

* In a telescope in normal adjustment, the objective’s real image lies in the first focal plane of the
eyepiece, so the final image is at infinity. Let their positive focal lengths be f, and f..

* Angular magnification is M = 3/«, where o and 3 are the small angles subtended at the unaided
eye and through the instrument, respectively.

* For a compound microscope, |M| = |m,|m., with objective linear magnification m, = v,/u,. Each
lens obeys 1/f = 1/v — 1/u, using the Cartesian sign convention.

* An eyepiece forming its final virtual image at the near point has m. = 1+ D/ f.; for a final image
at infinity, m. = D/ f.. Here D = 25cm.

Step 1: (i) Form the telescope image in normal adjustment Parallel rays from a distant object enter
the large-aperture objective. It forms a real, inverted and diminished image A’ B’ in its second focal
plane. Place the eyepiece so that this plane is also its first focal plane: F, = F, = A’. The eyepiece
acts as a magnifier; rays from each point of the intermediate image emerge parallel, giving a final
virtual image at infinity. The final image is inverted relative to the distant object, and the eye observes
it without accommodation. The separation of the two lenses is f, + f.. The drawing traces rays from
one off-axis point of the distant object.
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Objective Eyepiece
E

Parallel emergent rays

O
\\ final image at infinity

***************************************** =~ - - - axis

Y

Parallel incident rays ‘
from distant object ¥ ‘ \

fO fe

Astronomical telescope in normal adjustment: the intermediate image lies in the common focal plane, and the
emerging rays are parallel.
Step 2: (i) Obtain the angular magnifying power If the intermediate image height has magnitude h,
the small-angle approximation gives |a| ~ h/f, and |3| ~ h/ f.. The image is inverted, so the signed
angular magnification is
B_ b ke
o Je Je
Thus a long-focal-length objective and a short-focal-length eyepiece provide high magnification.

Step 3: (ii) Find the eyepiece focal length for near-point viewing Taking the conventional near-point
setting for this numerical problem, the final virtual image is at v. = —D = —25 cm. The given eyepiece
magnification then gives

25
5=1+— = f.=625cm.
Je
To locate the intermediate image, apply the eyepiece lens formula:
11 1 1 1 1,
— = —=—-——-—=——cm .

e e fo 25 625 5

Hence u. = —5cm: the intermediate image is 5 cm to the left of the eyepiece.

Step 4: (ii) Locate the object and calculate the objective focal length The lenses are separated by
14 cm, so the objective forms its real image at

Vo =14 — 5 =9cm.

Since the objective produces an inverted real image, its signed magnification is negative:

20 9
Imo| = — =4, me=—4=— = u,=—225cm.
5 Up
Therefore,
1 1 1 1+44 5
= S “em !, fo=1.8cm.

fo 9 —225 9 9
The object lies beyond the objective focus, consistently producing a magnified real intermediate image.

Step 5: (ii) State the viewing-condition assumption The printed numerical question does not
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explicitly specify where the microscope’s final image is formed. The near-point assumption above gives
fe = 6.25cm. If normal adjustment with final image at infinity is intended instead, m. = D/f. =5
gives f. = 5cm; then u, = —f. = —5cm, and the same calculation gives f, = 1.8 cm. Stating the
viewing condition is therefore necessary to distinguish the eyepiece answers.

Step 6: Conclusion (i) In normal adjustment the telescope forms its final image at infinity, with
M = —f,/fe and lens separation f, + fe. (ii) For near-point viewing, | f, = 1.8 cm, f. = 6.25cm|. If
the microscope is in normal adjustment, f. = 5cm instead, while f, is unchanged.

Quick Tip to Solve: Divide the microscope’s total magnification by the eyepiece magnification first. Find the
eyepiece object distance before subtracting it from the lens separation; specify near-point or infinity viewing
before choosing the eyepiece formula.

OR

32(b). (i) Two coherent light waves, each of intensity /, superpose each other and produce interference
pattern on a screen. Obtain the expression for the resultant intensity at a point where the phase
difference between the waves is ¢. Write its maximum and minimum possible values.

(ii) In a single slit diffraction experiment, the aperture of the slit is 3 mm and the separation between
the slit and the screen is 1.5 m. A monochromatic light of wavelength 600 nm is normally incident on
the slit. Calculate the distance of (I) first order minimum, and (II) second order maximum, from the
centre of the screen. [5 marks]

Solution:

Concept:

* The superposition principle adds electric fields. Intensity is proportional to the time average of the
square of the resultant electric field; equal individual intensities imply equal amplitudes.

* In single-slit diffraction, minima satisfy a sin # = n\, where « is slit width and A is wavelength. For
a distant screen, the distance from its centre is y ~ D§.

* Secondary maxima lie approximately halfway between successive minima: asinf ~ (n + %))\, with
n = 1,2,.... This is the usual school-level approximation, not an exact maximum condition.

Step 1: (i) Add the two coherent electric fields Let the fields at the chosen point be E; = E coswt
and Ey = Ejcos(wt + ¢). The fixed phase difference ¢ permits a stable interference pattern. Using
the sum of cosines,

E:E1+E2:2Eocosgcos <wt+¢25>.

If k is the common proportionality constant between intensity and squared amplitude, then Iy = kE3.
Thus

2
I=k <2E0 cos ?) = 4], cos® % = 2Ip(1 4 cos ¢).

Adding intensities alone would miss the interference term 21 cos ¢.

Step 2: (i) Determine the extreme intensities Constructive interference occurs when ¢ = 2ms, so the
amplitudes reinforce and I,,,.x = 4I,. Destructive interference occurs when ¢ = (2m + 1), so the
equal amplitudes cancel and I,,,;, = 0, where m is an integer. Across the pattern, the average intensity
remains 2[; interference redistributes energy.

Step 3: (ii)(I) Locate the first minimum Convert the data to SI units: a = 3 x 107°m, D = 1.5m,
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and A\ = 600 x 10~ m. The first minimum corresponds to asinf; = \. Since the angle is small,

DX 1.5(600 x 107?)

Ymin,1 =

Pl 3 % 103 = 3.0 x 107*m = 0.30 mm.

An identical minimum lies on the other side of the central maximum.

Step 4: (ii) (I) Locate the second secondary maximum The central maximum has order zero. The
first secondary maximum lies between the first and second minima, while the second lies between the
second and third minima. Using their approximate midpoint positions,

5DX 5

Ymax,2 = W = 5(030 mm) = 0.75 mm.

This is the standard approximate answer. For comparison, the exact diffraction envelope has maxima
satisfying tan § = 3, where 8 = masinf/); its second secondary maximum is at 5 ~ 7.725, giving
about 0.738 mm.

Step 5: Conclusion (i) I = 41 cos?(¢/2), with I, = 41y and Iy, = 0. (ii) The first minimum is
0.30 mm and the second secondary maximum is approximately 0.75 mm from the centre, on either
side.

Quick Tip to Solve: Calculate DA/a once. It gives the first minimum; multiply by 5/2 for the approximate
second secondary maximum, counting the central maximum as order zero.

33(a). (i) A parallel plate capacitor with plate area A and plate separation d has a capacitance Cj. A
slab of dielectric constant K having area A and thickness <Z> is inserted in the capacitor, parallel to

the plates. Find the new value of its capacitance.

(ii) You are provided with a large number of 1 ,F identical capacitors and a power supply of 1200 V.
The dielectric medium used in each capacitor can withstand up to 200 V only. Find the minimum
number of capacitors and their arrangement, required to build a capacitor system of equivalent
capacitance of 2 uF for use with this supply. [5 marks]

Solution:

Concept:

* A parallel-plate capacitor in air has capacitance Cy = ¢9A/d, where A is plate area and d is
separation, neglecting fringing fields.

* Dielectric and air layers stacked along the field act as capacitors in series. Their voltage drops add
while the free charge on the plates is the same.

* For n identical capacitors of capacitance C' in series, Cs = C'/n and the applied voltage divides
equally. Parallel branches have the same voltage and their capacitances add.

Step 1: (i) Find the voltage across the air and dielectric layers The printed slab thickness is ¢t = d/4.
It occupies the full plate area, leaving a total air thickness d — ¢ = 3d/4. Let the free charge on either
plate have magnitude (). The field in air is E, = Q}/(e0A), whereas the field inside the dielectric is
reduced to Ex = Q/(KepA). Consequently,

_ N _9Q (44t
V = E,(d t)+EKt_€0A<d t+K>.
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This expression is independent of where the slab is placed between the plates, since only the total air
thickness enters the voltage drop.

Step 2: (i) Express the new capacitance in terms of the original value By the definition C' = Q/V,

substituting ¢t = d/4 gives
€0A

~ 3d/4+ d/(4K)
AKegA 4K
d3K +1) 3K +1

C/

Co.

As a check, K =1 gives C" = (), as expected for no dielectric contrast. Even for very large K, the
remaining air layer limits the capacitance to 4Cj/3.

Step 3: (ii) Determine the number needed in each series branch Each capacitor may have at most
200V across it. For a series branch of n identical capacitors connected across 1200V, equal capacitance

ensures equal voltage division:

1200
<200 = n>6.
n

Use six capacitors in every branch. Their combined capacitance is
T

1
O, =t = " F
*=76 6"

Each individual capacitor then supports exactly 200V, its stated maximum.

Step 4: (ii) Combine enough branches in parallel and verify the minimum If m such branches are
connected in parallel, their capacitances add. To obtain the specified equivalent capacitance,

1
m(6,uF>:2,uF = m =12 N=mn=12x6="T2.
Minimality can also be checked using energy. A system of equivalent capacitance 2 uF across 1200V
stores 1.44J. Each 1 uF capacitor at its allowed maximum voltage stores at most 0.020 J. Thus every
permissible arrangement needs at least 1.44/0.020 = 72 capacitors. The proposed arrangement attains

this lower bound.
4K

3K +1
connect 12 parallel branches, each containing 6 capacitors in series. The result is 2 uF, with 200V

across each capacitor at the specified supply voltage.

Step 5: Conclusion (i) The new capacitance is ¢’ = Cp. (ii) The minimum is 72 capacitors:

Quick Tip to Solve: Treat dielectric thickness as ¢/K when finding the effective plate separation. For a
capacitor bank, satisfy the voltage limit with series units first, then restore the desired capacitance using parallel
branches.
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OR

33(b). (i) An electric dipole of dipole moment j consists of point charges ¢ and —q, separated by
2a. Derive an expression for electric potential in terms of its dipole moment at a point at a distance
x (> a) from its centre and lying (I) along its axis, and (II) along its bisector line.

(ii) An electric dipole of dipole moment 7 = (0.8; + 0.65) x 10-2° Cm is placed in an electric field
E =1.0 x 107 k V/m. Calculate the magnitude of the torque acting on it and the angle it makes with
the z-axis, at this instant. [5 marks]

Solution:

Concept:

* Electric potential is a scalar. Taking zero potential at infinity, a point charge @) produces V' = kQ/r,
where k = 1/(4mep) and r is its distance from the observation point. Add the signed potentials of
the two charges.

* A dipole has moment p directed from —g to +¢, with magnitude p = 2aq. In the far field its
potential is V = kp cos §/r%, where 6 is measured from .

* The torque on a dipole in a uniform field is 7 = p’ x E. Its direction follows the right-hand rule and
its magnitude is pE sin ¢, where ¢ is the angle between the dipole and the field.

Step 1: (i) (I) Add the potentials on the dipole axis Place —q at coordinate —a and +q at +a. First
choose the axial observation point a distance = > a from the centre on the positive-charge side. Its
distances from +¢q and —q are z — a and x + a, respectively. By superposition,

Vaxia1:k< a - a )
Tr—a T+ a

L (x4a)—(r—a)  k(2aq)  kp
= 22 — o2 =2 2

—a? 2 — g2’

For x >> a, the ratio a?/2? is negligible, so the far-field expression becomes Va1 ~ kp/x2. At the
corresponding point on the negative-charge side, the distances to the charges interchange and the
potential is —kp/(2? — a?) ~ —kp/x?. Specifying the side is essential because potential has a sign
even though = denotes a positive distance.

Step 2: (i) (II) Use equal distances on the perpendicular bisector At a point a distance = from the
centre on the perpendicular bisector, both charges are at the same distance r = v/x2 + a2. Their
signed potentials therefore cancel:

kq kq

- — 0.
Va2 +a2 Va2 +a?

Vequatorial =

This result is exact; it does not need the far-field approximation. It also agrees with the dipole
expression because the perpendicular bisector corresponds to § = 90°. Zero potential here does not
imply zero electric field: the fields are vectors and their axial components add.

Step 3: (ii) Evaluate the torque vector and its magnitude The dipole lies in the xy-plane and the field
is along +z, so they are perpendicular. Use i x k = —j and j x k = i:
7 =[(0.81 +0.67) x k] 1072% x 107
= (0.67 — 0.87) x 1072 Nm,
|7] = 1/0.62 + (—0.8)2 x 10722 = 1.0 x 1072 N m.
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As a check, |[p] = v0.82 +0.62 x 1072 = 1.0 x 1072 Cm, giving the same magnitude from pFE sin 90°.

Step 4: (ii) Determine the angle of the torque with the x-axis Let « be the angle between 7 and the
positive z-axis. The directional cosine is

7. 0.6x107% . o
COS ¥ = Tﬂ = m = 06, & = COS (06) = 53.1".
Since 7, < 0, the torque points into the fourth quadrant: it is directed 53.1° below the positive z-axis
in the zy-plane. Its counterclockwise azimuth is equivalently 306.9°; this is the torque direction at the
stated instant.

Step 5: Conclusion For z > a, Viya = £p/(4megx?), with the positive sign on the +¢ side, while
Vequatorial = 0. The torque is (0.6; — 0.87) x 10~2>N'm, of magnitude 1.0 x 10~2> N'm, making 53.1°
with the positive z-axis toward negative y.

Quick Tip to Solve: Add signed scalar potentials before making the far-field approximation. For a field along
42, use 7 = E(p,i — p,j); the component signs immediately fix the quadrant.
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