CBSE Class 12 Physics 2024 Question Paper (55/3/1) With Solutions

Time Allowed :3 Hour | Maximum Marks :70 | Total questions :33

General Instructions

Read the following instructions very carefully and strictly follow them:

[E—

. This question paper contains 33 questions. All questions are compulsory.
2. This question paper is divided into five sections Sections A, B, C, D and E.

3. In Section A Questions no. 1 to 16 are Multiple Choice type questions. Each

question carries 1 mark.

4. In Section B Questions no. 17 to 21 are Very Short Answer type questions.Each

question carries 2 marks.

5. In Section C Questions no. 22 to 28 are Short Answer type questions. Each

question carries 3 marks.

6. In Section D Questions no. 29 and 30 are case study based questions. Each

question carries 4 marks.

7. In Section E Questions no. 31 to 33 are Long Answer type questions. Each

question carries 5 marks.

8. 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.

9. Kindly note that there is a separate question paper for Visually Impaired

candidates.

10. Use of calculators is not allowed.
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Section-A
1. Consider a group of charges ¢, ¢2, g3, . .. such that > ¢ # 0. Then equipotentials at a
large distance, due to this group are approximately:
(A) Plane
(B) Spherical surface
(C) Paraboloidal surface
(D) Ellipsoidal surface
Correct Answer: (B) Spherical surface
Solution: Analyzing the influence of multiple point charges at a distance. At large
distances, the individual effects of point charges ¢1, g2, ¢3 on the potential can be considered
to merge into a single effect similar to that of a single point charge with their cumulative
charge. Therefore, the potential V' at a point in space due to these charges resembles that
from a single equivalent charge.
Considering the shape of equipotentials. The equipotential surfaces of a single point
charge are spherical. Since at large distances the group of charges behaves like a single point

charge, the equipotential surfaces thus formed will also be spherical.

Quick Tip

When dealing with the potential due to multiple point charges at large distances, you can
often simplify the calculation by treating them as a single point charge whose magnitude

is the sum of the individual charges.

2. A proton is taken from point P1 to point P2, both located in an electric field. The
potentials at points P1 and P2 are -5 V and +5 V respectively. Assuming that Kinetic
energies of the proton at points P1 and P2 are zero, the work done on the proton is:
(A) 1.6 x 10718]

(B) 1.6 x 10718J

(C) Zero

(D) 0.8 x 10718]

Correct Answer: (B) 1.6 x 10718]
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Solution: Step 1: Calculating the potential difference. The potential difference V' between

points P1 and P2 is calculated as:
V=V —Vp = 5V — (—5V) =10V

Step 2: Calculating the work done. The work done W on a charge ¢ moving through a
potential difference V' is given by:

W =qV
For a proton, the charge ¢ = 1.602 x 10~ Coulombs. Thus, the work done on the proton

when moving from P1 to P2 is:
W =1.602x107C x 10V = 1.602 x 107'8]
Rounding off slightly, the work done matches the value given in option (B).

Quick Tip

Remember, the work done in moving a charge in an electric field is dependent on the
potential difference and the charge itself. The direction of the electric field and the initial

and final potentials will determine whether the work is done by the field or against it.

3. A 2.0 cm segment of wire, carrying 5.0 A current in positive y-direction lies along the
y-axis, as shown in the figure. The magnetic field at a point (3 m, 4 m, 0) due to this

segment (part of a circuit) is:
y

50A

g O

(A) (0.12nT)
(B) —(0.10nT) j
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(C) —(0.24nT) k

(D) (0.24nT) k

Correct Answer: (C) —(0.24nT) k

Solution: Step 1: Application of the Biot-Savart Law. The magnetic field due to a
segment of current-carrying wire is determined by the Biot-Savart Law, which states:

Idi x 7
ip =t X7

AT r

where: - ;9 = 47 x 1077 N/A? is the magnetic constant. - I = 5.0 A is the current. -
dl = 0.02mj is the length vector of the wire segment. - 7 is the unit vector from the segment
to the observation point.

Step 2: Calculation of  and 7. From the wire segment to the point (3 m, 4 m, 0):

r=4v32+42=5m

3 4
- G4
595

Step 3: Calculation of d/ x 7 and dB. Using the right-hand rule for the cross product:

- 34 3 .
dl x 7 = 0.02 x (5, ng) — 0.02 (0,0, —5) — (0,0,-0.012) k
Thus, dB points in the negative k direction. The magnitude of dB is:
4w x 1077 5-0.012  1077-0.06
 dr 25 25

dB —24x107°T=0.24nT

Considering the direction, the field is —0.24 nT k, matching option (C).

Quick Tip

When dealing with the Biot-Savart Law, always remember to apply the right-hand rule
to determine the direction of di x 7 effectively, as it dictates the direction of the magnetic

field produced by the current segment.

4. A circular loop of wire, carrying a current ’I’ is lying in the xy-plane with its centre
coinciding with the origin. It is subjected to a uniform magnetic field pointing along the
+z-axis. The loop will:

(A) move along the x-axis
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(B) move along the y-axis

(C) move along the z-axis

(D) remain stationary

Correct Answer: (D) remain stationary

Solution: Step 1: Analyzing the forces on the loop.

A current-carrying loop in a magnetic field experiences a force given by F' = I(dl x B),
where dl is an element of the loop and B is the magnetic field. In this scenario, the magnetic
field B is uniform and points along the +z-axis, and the loop lies in the xy-plane.

Step 2: Calculating the net force.

Since the loop is symmetrical and the field is uniform, the forces on opposite sides of the
loop will be equal in magnitude but opposite in direction, leading to a cancellation of all
horizontal (x and y directions) forces. The vertical (z-axis) force components also cancel out
due to the symmetry and the orientation of the magnetic field and current direction.

Step 3: Determining the resultant motion.

With all forces canceling out, there is no resultant force on the loop. Additionally, if there is
no additional torque acting to tilt or twist the loop out of the xy-plane, the loop will not

experience any translational or rotational motion.

Quick Tip

When considering the motion of a current-carrying conductor in a magnetic field, al-
ways check for symmetry and the directions of B, dl, and the resultant dl x B. Symme-

try often leads to cancellation of forces, especially in uniform fields.

5. A current carrying circular loop of magnetic moment )/ is suspended in a vertical
plane in an external magnetic field 5 such that its plane is normal to 5. The work done
in rotating this loop by 45° about an axis perpendicular to 5 is closest to:

(A) —0.3M B

(B) 0.3MB

(C) -1.7MB

(D) 1.7M B

Qcﬂllegedunia

-



Correct Answer: (B) 0.3M B

Solution: Step 1: Understanding the magnetic potential energy. The potential energy U

of a magnetic dipole in a magnetic field is given by U = —M - B. Initially, the plane of the

loop is normal to B, meaning }M is aligned with B, so the initial potential energy is

U =—-MB.

Step 2: Calculating the final potential energy. When the loop is rotated by 45 degrees, the
2

angle 0 between M and B changes to 45°. The cosine of 45 degrees is cos(45°) = ¥5=. Thus,

the final potential energy Uy becomes:

2
Up = —MBcos(45°) = —]\/[Bg

Step 3: Calculating the work done. The work done W in rotating the dipole is the change

in potential energy:

W=U;-U; = (—MB?) — (~MB)
e (1-2)

Given /2 ~ 1.414, this simplifies to:
W = MB (1 - 0.707)

W = M B(0.293)

Approximating for simplicity and clarity in the answer choices:

W =~03MB

Remember, the work done on the system in magnetic fields involves changes in potential

energy that reflect the orientation of the magnetic moment relative to the magnetic field

direction.

6. The current in a coil of 15 mH increases uniformly from zero to 4 A in 0.004s.

Calculate the electromotive force (emf) induced in the coil:
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(A) 22.5V
(B) 175V
(C) 15.0V
(D) 12.5V
Correct Answer: (C) 15.0V
Solution:

Given:
e Inductance, L = 15mH = 15 x 1073 H
e Initial current, lipia = 0 A
* Final current, I, = 4 A
e Time, At = 0.004s
Formula:

The induced emf in an inductor is given by:

AT
f=-L—
cm At

Solution: 1. Calculate the change in current (A7):

AT = Inal — Linitial = 4A —0A =4A

2. Substitute the values into the formula:

AT

emf:—LE
4A

f=—(15x 1073 H) -
emf = —(15 x 107°H) - 75075

3. Simplify the calculation:

emf = —(15 x 1072) - 1000
emf=—-15V

The negative sign indicates the direction of the induced emf, but we are only interested in the

magnitude.

Qcallegedunia

-



Final Answer:

Quick Tip

directions.

When dealing with induction problems, always remember that the sign of the induced
emf depends on the direction of the change in current and the polarity of the inductor but

is usually reported as a magnitude in problems unless specifically dealing with circuit

7. Consider a solenoid of length / and area of cross-section A with a fixed number of

turns. The self-inductance of the solenoid will increase if’:

(A) both [ and A are increased

(B) [ is decreased and A is increased

(C) l1s increased and A is decreased

(D) both [ and A are decreased

Correct Answer: (B) [ is decreased and A is increased
Solution:

Step 1: Understanding self-inductance.

The self-inductance L of a solenoid is given by:

B uolN2A

L
[

where:

o 1s the permeability of free space,

N is the number of turns,

A 1s the cross-sectional area,

[ is the length of the solenoid.

Step 2: Analyzing how L changes with / and A.
From the formula, it is clear that:

Increasing A increases L because A is in the numerator.

Decreasing [ increases L because [ is in the denominator.
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Step 3: Evaluating the options.

Increasing both [ and A would have conflicting effects on L, making the net effect less
predictable.

Decreasing [ and increasing A simultaneously provides the most direct increase in L, as both
changes contribute positively to increasing L.

Increasing [ and decreasing A would lead to a decrease in L.

Decreasing both [ and A would also have conflicting effects, but the decrease in A would be

more detrimental.

Quick Tip

When evaluating the effect of physical changes on the inductance of a solenoid, remem-
ber that increasing the area of cross-section and decreasing the length will enhance the

inductance, benefiting from the direct proportionality to A and inverse proportionality

to (.

8. Which one of the following has the highest frequency?

(A) Infrared rays

(B) Gamma rays

(C) Radio waves

(D) Microwaves

Correct Answer: (B) Gamma rays

Solution: Step 1: Understanding the electromagnetic spectrum.

The electromagnetic spectrum is arranged according to frequency and wavelength. The
general order from lowest frequency (longest wavelength) to highest frequency (shortest
wavelength) is: radio waves, microwaves, infrared rays, visible light, ultraviolet rays, X-rays,
and gamma rays.

Step 2: Comparing the given options.

Radio waves have the longest wavelengths and lowest frequencies among the options listed.
Microwaves have higher frequencies than radio waves but are still much lower than infrared
rays.

Infrared rays have higher frequencies than radio waves and microwaves but lower than
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visible light.

Gamma rays are at the extreme high end of the spectrum, possessing the shortest
wavelengths and highest frequencies.

Step 3: Identifying the option with the highest frequency.

From the order of the electromagnetic spectrum, it is clear that gamma rays have the highest

frequency among the options given.

Quick Tip

Remember the order of the electromagnetic spectrum from lowest to highest frequency

to quickly identify the type of wave with the highest or lowest frequency when given a

set of options.

9. A proton and an alpha particle having equal velocities approach a target nucleus.
They come momentarily to rest and then reverse their directions. The ratio of the
distance of closest approach of the proton to that of the alpha particle will be:

(A) 3

(B) 2

©) 1

(D) 4

Correct Answer: (B) 2

Solution: Step 1: Analyzing the forces and energies involved. The distance of closest
approach can be determined by equating the kinetic energy to the electrostatic potential

energy at the point of closest approach:

1 o Zke?
va =

,
where m is the mass, v is the velocity, Z is the atomic number of the target nucleus, & is
Coulomb’s constant, e is the charge, and r is the distance of closest approach.

Step 2: Comparing proton and alpha particle. The alpha particle has twice the charge of a
proton (since it contains two protons) and four times the mass. Since both particles have
equal velocities, their kinetic energies differ but the potential energy of the alpha particle is

higher due to its greater charge.

10

Qcﬂllegedunia

-



Step 3: Calculating the ratio of distances. The formula rearranges to r = Z ke’ For the

mu?

alpha particle, both the charge and mass affect the distance:

Zke? Zke?

Tproton = — 5 Talpha = 75
P mpv?’ alpha 4dmyv?

Thus, 7proton = 27aiphas giving the ratio of 2.

Quick Tip

For electrostatic potential energy problems involving charged particles, remember that
the charge affects the potential energy directly and the mass indirectly through kinetic

energy.

10. Which one of the following is the correct graph between the maximum Kkinetic
energy (K,) of the emitted photoelectrons and the frequency of incident radiation (v)

for a given photosensitive surface?

Ky K

[0:V] (B)

©) i (D)
v v

Correct Answer: (C) Line with positive slope starting from the origin

Solution: The Einstein’s photoelectric equation is given by:

Kp=hv—9¢

This equation indicates that the maximum kinetic energy (/) of the emitted photoelectrons
is zero when the frequency of the incident radiation is at or below the threshold frequency.
As the frequency increases beyond the threshold frequency, K, increases linearly with v.
The graph in option (C) correctly represents this relationship: it starts from zero at the

threshold frequency and increases linearly thereafter.

11
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Quick Tip

Always check for the presence of a threshold frequency in photoelectric effect graphs,
as it marks the minimum frequency required to emit electrons from the material, which

should be clearly represented.

11. An electron makes a transition from the n = 2 level to the n = 1 level in the Bohr
model of a hydrogen atom. Its period of revolution:

(A) Increases by 87.5%

(B) Decreases by 87.5%

(C) Increases by 43.75%

(D) Decreases by 43.75%

Correct Answer: (B) Decreases by 87.5

Solution: To determine how the period of revolution of an electron changes when it
transitions from the n = 2 level to the n = 1 level in the Bohr model of a hydrogen atom, we
can follow these steps:

1. Bohr Model Basics

In the Bohr model, the period of revolution 7" of an electron in the n-th energy level is given

by:

T, xn

This means that the period of revolution is proportional to the cube of the principal quantum
number n.

2. Initial and Final Periods

e Forn = 2:
Ty 23 =8
e Forn =1:
Ty 1?2=1
3. Change in Period
12
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The change in the period of revolution when the electron transitions from n = 2 to n = 1 is:

AT =T1—-Tp=1-8=-T7

The negative sign indicates a decrease in the period.
4. Percentage Change

The percentage change in the period is calculated as:

Percentage Change = <%> x 100% = (%7) x 100% = —87.5%
2

This means the period of revolution decreases by 87.5%.

Therefore, the correct answer is:

(B) decreases by 87-5%

Remember that in the Bohr model, the period of revolution of the electron around the

nucleus is directly proportional to the cube of the principal quantum number 7.

12. Silicon is doped with a pentavalent element. The energy required to set the
additional electron free is about:

(A) 0.01 eV

(B) 0.05eV

(C)0.72eV

(D) 1.1eV

Correct Answer: (B) 0.05 eV

Solution: Step 1: Understanding the concept of doping.

When silicon (Si) is doped with a pentavalent element (such as phosphorus or arsenic), an
additional electron is introduced in the conduction band. This electron is loosely bound to
the donor atom and requires a small amount of energy to be freed.

Step 2: Energy required to free the electron.

The donor energy level lies just below the conduction band, and the energy required to free

13
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the electron is typically very small. This energy is required to excite the electron from the
donor level to the conduction band.

Step 3: Estimation of the energy.

In practice, the donor energy level in silicon is around 0.05eV, which is much smaller than

the band gap energy of silicon (=~ 1.1eV).

Energy required ~ 0.05eV

Step 4: Numerical Calculation.
The energy required to release the electron is given by the difference between the donor
energy level and the conduction band. This energy is typically measured experimentally, and

for silicon doped with a pentavalent element, this value is approximately:

Eionor = 0.05eV
Thus, the energy required to set the electron free is |0.05eV |.

Quick Tip

When considering the energy levels in doped semiconductors, it’s essential to remember
that the extra electrons or holes introduced by the dopant have much lower ionization

energies compared to the intrinsic semiconductor.

13. Assertion (A): In a semiconductor, the electrons in the conduction band have lesser
energy than those in the valence band.

Reason (R): Donor energy level is just above the valence band in a semiconductor.

(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) Assertion (A) is false and Reason (R) is also false.

Correct Answer: (D) Assertion (A) is false and Reason (R) is also false.
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Solution: Analysis of Assertion (A): The assertion is false because in a semiconductor, the
electrons in the conduction band have higher energy than those in the valence band, which is
why they are free to move and conduct electricity.

Analysis of Reason (R): The reason is also false because the donor energy level is just
below the conduction band, not above the valence band. Donor levels donate electrons to the

conduction band, enhancing conductivity.

Understanding the energy band structure of semiconductors is crucial. Remember, the

conduction band houses higher energy electrons compared to those in the valence band.

14. Assertion (A): Photoelectric effect demonstrates the particle nature of light.

Reason (R): Photoelectric current is proportional to frequency of incident radiation.

(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) Assertion (A) is false and Reason (R) is also false.

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

Solution:

Step 1: Analyzing Assertion (A). The photoelectric effect demonstrates the particle nature
of light because it involves the interaction of light with matter in such a way that light is
treated as a collection of particles (photons). According to Einstein’s explanation, each
photon carries energy proportional to its frequency. This energy is transferred to electrons,
allowing them to escape from the surface of the material, thus demonstrating the particle
nature of light.

Step 2: Analyzing Reason (R). The photoelectric current is not proportional to the
frequency of the incident radiation. In fact, the current is proportional to the intensity of the

incident radiation (i.e., the number of photons striking the surface per unit time). The

15
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frequency of the radiation determines the energy of the emitted photoelectrons, but it is the
intensity (not the frequency) that controls the photoelectric current. The reason provided in
Statement (R) is incorrect.

Conclusion: Assertion (A) is true because the photoelectric effect demonstrates the particle
nature of light. However, Reason (R) is false because the photoelectric current is

proportional to the intensity (not the frequency) of the incident radiation.

Quick Tip

In the photoelectric effect, the frequency of the incident light determines whether pho-
toelectrons are emitted, while the intensity determines the number of photoelectrons

emitted. Therefore, the photoelectric current is proportional to intensity, not frequency.

15. Assertion (A): A proton and an electron enter a uniform magnetic field B with the same
momentum 7 such that 7 is perpendicular to B. They describe circular paths of the same
radius.

Reason (R): In a magnetic field, orbital radius r is equal to qu.

(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) Assertion (A) is false and Reason (R) is also false.

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

Solution: Assertion (A) is true: Both a proton and an electron entering a uniform magnetic
field with the same momentum and perpendicular to the magnetic field will follow circular
paths of the same radius, as the magnetic force provides the centripetal force required for
circular motion.

Reason (R) is true: The radius of the circular path for a charged particle in a magnetic field is

given by r = qu, where p is the momentum, ¢ is the charge, and B is the magnetic field
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strength.

Since the momentum and magnetic field are the same for both the proton and the electron,
they will describe circular paths of the same radius.

Thus, both Assertion (A) and Reason (R) are true, and Reason (R) correctly explains

Assertion (A).

For charged particles moving in a magnetic field, the radius of the circular path is given

by r = qLB, which depends on the momentum, charge, and magnetic field strength.

16. Assertion (A): A convex lens, when immersed in a liquid, disappears.

Reason (R): The refractive indices of the material of the lens and the liquid are equal.
(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) Assertion (A) is false and Reason (R) is also false.

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

Solution: Analysis of Assertion (A): The assertion is true. A convex lens can indeed seem
to disappear when immersed in a liquid if the refractive indices of the lens and the liquid are
the same, because there is no change in the speed of light at the boundary.

Analysis of Reason (R): The reason is true and provides the correct explanation for the
assertion. If the refractive indices of the lens and the liquid are equal, light does not bend at

the interface, making the lens invisible in the liquid.

17
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Quick Tip
When studying optics, it’s essential to understand how the refractive index affects light

transmission and bending at interfaces. Similar refractive indices can make objects

visually disappear in mediums.

Section-B

17(a). What is meant by ’relaxation time’ of free electrons in a conductor? Show that
the resistance of a conductor can be expressed by R = %, where symbols have their
usual meanings.

Solution:

Relaxation Time: Relaxation time (7) is the average time interval between consecutive
collisions of an electron as it moves through a conductor. It is a measure of how long an
electron travels freely without interaction, influencing the electrical conductivity of the
material.

Derivation:

The resistance R of a conductor can be derived using the Drude model, which relates
electrical properties to the behavior of electrons in a material. The resistivity p according to

the Drude model is given by:

m
2

ne<t

where m is the electron mass, n is the density of charge carriers, e is the electron charge, and
7 is the relaxation time. The formula for resistance R, involving the geometry of the

conductor, is:

L

Substituting the expression for p gives:
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This equation illustrates that resistance is inversely proportional to the density of charge

carriers and their relaxation time, and directly proportional to the conductor’s length.

Understanding the concept of relaxation time helps in comprehending how material

impurities and temperature affect the resistance and overall electrical conductivity.

17(b). Draw the circuit diagram of a Wheatstone bridge. Obtain the condition when no

current flows through the galvanometer in it.
3

-

Circuit Diagram and Condition:

The Wheatstone bridge consists of a quadrilateral circuit with four resistors, Ry, Ro, R3, and
Ry, a galvanometer (G, and a battery. The galvanometer is connected between the junctions of
Ry and R3, and R; and R4. The battery is connected across the bridge.

Correct Answer: The condition for no current to flow through the galvanometer is when the

bridge is balanced, given by the equation:
B _ Iy
Ry Ry
Solution: This balance condition implies that the potential drop across the bridge is

symmetrically distributed, resulting in zero potential difference across the galvanometer, thus

no current flow.

The Wheatstone bridge is a fundamental tool in measuring unknown electrical resis-

tances and is extensively used in sensors and other measuring devices.
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18. The magnifying power of an astronomical telescope is 24. In normal adjustment,
the distance between its two lenses is 150 cm. Find the focal length of the objective lens.
Solution: Given that the distance between the lenses, L = 150 cm, and the magnifying

power, M = 24, we have:

L=fo+ /e
and
Jo
M=1°
Je
By rearranging and substituting from the magnification formula:
_Jo_ Jo
Je= 3=

Substituting into the lens distance equation gives:

fo
24
25 f,

150 = ——
50 o

150 = f, +

150 x 24
925

Therefore, the focal length of the objective lens is 144 cm.

fo = 144cm

When solving problems involving optical instruments like telescopes, always check if

the system is in normal adjustment as it simplifies the use of formulae.

19(a). For a simple microscope, the angular size of the object equals the angular size of

the image. Yet it offers magnification. Explain how this is possible.

Solution: A simple microscope or magnifying glass primarily functions to enable objects to

be placed closer to the eye than the normal minimum focus distance (the near point, typically
about 25 cm for a young adult). By doing so, the microscope allows the observer to bring the

object closer than this near point while still being able to focus comfortably.

20
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Quick Tip
Remember, the key to understanding magnification in microscopes is not just the size

or type of image produced but how the image position relative to the eye affects the

angular size perceived by the observer.

19(b). Both plane and convex mirrors produce virtual images of objects. Can they
produce real images under some circumstances? Explain.

Solution: Plane mirrors invariably produce virtual images because they reflect light rays in a
manner that the rays appear to diverge from a point behind the mirror. As such, the reflected
rays do not actually converge to form a real image; they only appear to do so when extended

backwards.

Quick Tip

It’s essential to understand the general properties of image formation by different mir-
rors. However, exploring exceptional cases can provide insights into complex optical

designs and applications.

20. The minimum intensity of white light that our eyes can perceive is about
0.1nWm 2. Calculate the number of photons of this light entering our pupil (area
0.4 cm?) per second.
(Take average wavelength of white light = 500 nm and Planck’s constant
= 6.6 x 10734 Js.)
Correct Answer: To find the number of photons, we first calculate the energy per photon
using the equation for photon energy:

he

E=—
A

where h = 6.6 x 10734 Js (Planck’s constant), ¢ = 3 x 10% m/s (speed of light), and
A = 500nm = 500 x 10~ m.

Solution: 1. Calculate the energy of one photon:

21
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The energy E of a photon is given by:

where:
e h =6.6 x 10734 Js (Planck’s constant),
e ¢ =3 x 108m/s (speed of light),
e A =500nm = 500 x 10~ m (wavelength).

Substituting the values:

6.6 x 1077 x 3 x 10°
N 500 x 10—
198 x107%
~ 500 x 1079
19.8 x 10726
T 5% 107

E=2396x10"17J

E

2. Calculate the total energy entering the pupil per second:
The intensity 7 is given as 0.1nWm ™2 = 0.1 x 1079 Wm 2.
The area A of the pupil is 0.4cm? = 0.4 x 10~*m?2.

The power P entering the pupil is:

P=1IxA
P=01x10"9%04x10"*
P=4x10"1W

Since 1 W = 1]J/s, the energy per second is:

FEioa = 4 x 10719 /s

3. Calculate the number of photons per second:

The number of photons N per second is given by:

. FEotal

N
E
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4x107P
~3.96 x 1019

N ~1.01 x 10*

Final Answer:

1.01 x 10*

When calculating the number of photons based on intensity, it’s essential to correctly

convert all units to the standard SI units to ensure accurate calculations.

21. Suppose a pure Si crystal has 5 x 10?® atoms m~3. It is doped by 1 ppm
concentration of boron. Calculate the concentration of holes and electrons, given that
n; = 1.5 x 1016 m~3. Is the doped crystal n-type or p-type?

Solution: First, calculate the concentration of boron dopants:

1 ppm

TR 5% 10 =5 % 102 m™3

Boron concentration =

Since boron adds holes, the concentration of holes p will be approximately equal to the
concentration of boron dopants. Assuming intrinsic carrier concentration n; remains much

smaller compared to the hole concentration due to doping:
p~a~5x102m3

Using the mass action law n x p = n?, calculate the concentration of electrons n:

2 16\2
- 1. 1
n:n_l:M:4.5X109m—3
P 5 x 1022

Thus, the concentration of holes p is 5 x 10?2 m~3 and electrons n is 4.5 x 10 m~3, indicating

a p-type semiconductor.

Quick Tip

Remember, doping a semiconductor with trivalent impurities (like Boron) increases the

hole concentration, making it p-type. Doping with pentavalent impurities (like Phos-

phorus) would increase electron concentration, making it n-type.
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Section-C

22. Determine the current in branches AB, AC, and BC of the network shown in the

figure.
B
40
20
10V .
A | C F
| 10 5V
20
4Q
D
Solution:

1. Given Equations:

For closed loop ADCA:
For closed loop ADCA:

70 — 61y — 213 =10 (i)
For closed loop ABCA:

]1+6]2+2[3 =10 (11)
For closed loop BCDED:

21 — 4l — 413 = —5  (iii)

2. Solve Equations (1) and (i1):
Add Equations (i) and (ii):

81 =20 = [ =25A

3. Substitute /; = 2.5 A into Equation (ii):

6ly + 213 = 7.5 (iv)
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4. Substitute /1 = 2.5 A into Equation (iii):

Ib+13=25 (v)

5. Solve Equations (iv) and (v):

From Equation (v): I3 = 2.5 — I>. Substitute into Equation (iv):

61 + 2(2.5 - IQ) =75
4]y = 2.5 = I5 =0.625A

Then, I35 = 2.5 — 0.625 = 1.875 A.

6. Verify the Results:

Current in branch AB: Is = 0.625 A,
Current in branch AC: I; = 2.5 A,
Current in branch BC: Ir + I3 = 2.5 A.
Final Answer:

Current in branch AB: Iy = 0.625 A,
Current in branch AC: I1 = 2.5 A,
Current in branch BC: Iy + I3 = 2.5 A.

When solving circuits with multiple loops and nodes, it is useful to clearly define all

current directions and check consistency of signs in your KVL and KCL equations.

23. Two long straight parallel conductors carrying currents exert a force on each other.
Why? Derive an expression for the force per unit length between two long straight
parallel conductors carrying currents in opposite directions. Explain the nature of the
force between these conductors.

Solution

Why Forces Are Exerted: Current-carrying conductors generate magnetic fields around

them. When two conductors are close to each other, their magnetic fields interact. According
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to Ampere’s Law and the Biot-Savart Law, the magnetic field produced by one conductor
influences the other, resulting in a magnetic force.

Correct Answer and Derivation: The force per unit length (F'/L) between two parallel
conductors can be calculated using Ampere’s Law. Let currents /; and /> flow through the
conductors, and let them be separated by a distance d.

The magnetic field (B) at a distance r from a long straight conductor carrying current [ is

given by:
o Mol
27r

where 1 is the permeability of free space (47 x 10~" T - m/A).
If I; and I, are the currents in the conductors and they are separated by distance d, the force

per unit length on the second conductor due to the magnetic field produced by the first is:

ol
F/L=1,B=1"—
/ 2 227rd

Thus, the expression for the force per unit length between them is:

pol112

F/L =
/ 2md

Nature of the Force: The direction of the force depends on the direction of the currents. If
the currents are in opposite directions, the magnetic fields around the conductors will attract
each other, resulting in an attractive force. If the currents are in the same direction, the

conductors will repel each other.

This principle is fundamental in many electrical devices, including electromagnets and

electric motors, where magnetic forces are used to perform work.

24. A sinusoidal voltage is applied to an electric circuit containing a circuit element ‘X’
in which the current leads the voltage by 7 /2.

(a) Identify the circuit element ‘X’ in the circuit: The circuit element ‘X’ where the
current leads the voltage by 7/2 is the capacitor. In capacitive circuits, the charging current

for the capacitor leads the voltage across the capacitor.
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(b) Write the formula for its reactance: The reactance X of a capacitor is given by:

1
Xe=—7
where w is the angular frequency (w = 27 f, with f being the frequency of the AC supply),
and C is the capacitance in farads.

(c) Show graphically the variation of this reactance with frequency of ac voltage: The
capacitive reactance, X, for a capacitor in an AC circuit is defined by the formula:

1
Xo = —
¢ Wl
where w = 27 f represents the angular frequency, and C' is the capacitance. This formula
shows that X is inversely proportional to the frequency f.

Graphical Representation:
A
I

gn
-
)

F-rcq.p.wcd- (v) .
To illustrate the relationship graphically:

1. Axes Setup: Plot frequency (f) on the horizontal axis and capacitive reactance (X ) on

the vertical axis.

2. Curve Behavior: The graph will display a hyperbolic decay as f increases. At very low
frequencies, the reactance is very high, representing nearly an open circuit. As f
increases, X decreases, suggesting that the capacitor offers less impedance to higher

frequency AC signals.
3. Key Points:

* At f = 0 Hz, X approaches infinity, which can be represented by the curve starting
from the top of the y-axis.
* As f increases, X¢ decreases sharply initially and then more gradually,

asymptotically approaching zero but never actually reaching it.
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To visualize this, consider the following description for a potential graph sketch:
Insert a conceptual plot here where the y-axis represents X and the x-axis represents f.

The plot would typically look like a hyperbola decreasing from left to right, never touching
the x-axis (frequency axis).

This graphical representation helps in understanding how capacitors behave differently at
various frequencies, which is crucial for their use in electronic filtering and signal processing.
(d) Explain the behaviour of this element when it is used in: (i) an AC circuit:

In an AC circuit, a capacitor impedes the flow of the current depending on the frequency of
the AC supply. Higher frequencies reduce the reactance, allowing more current to pass
through, demonstrating a characteristic called capacitive reactance.

(ii) a DC circuit:

In a DC circuit, a capacitor initially conducts as it charges, but once fully charged, it acts as
an open circuit. Thus, after the initial charge period, no current flows through the capacitor in

a steady-state DC circuit.

Quick Tip

Remember, capacitors store electrical energy temporarily and can affect circuits dif-
ferently based on whether the source is AC or DC, primarily due to their frequency-

dependent reactance.

25. The electric field in an electromagnetic wave in vacuum is given by:
E = 6.3N/C [cos (L.5rad/m - y + 4.5 x 10%rad/s - t)] i

(a) Find the wavelength and frequency of the wave:

Solution:

Given that the wave number £ = 1.5rad/m, we use the relationship:

Calculating A:
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The angular frequency w given is 4.5 x 10%rad/s. The frequency f is:

w  45x10°

- = = ~7.16x 10°'H
2T 2T % z

f

(b) What is the amplitude of the magnetic field of the wave?
Solution:
The amplitude of the magnetic field By can be related to the electric field amplitude Ej by:

_ Lo
_C

Given Ey = 6.3N/C and ¢ = 3 x 108 m/s (speed of light):

By

6.3

= m =2.1x 10_8T

0

(c) Write an expression for the magnetic field of this wave.
Solution:
As the magnetic field B is perpendicular to E and propagates in the z-direction, the magnetic

field vector can be expressed as:
B=21x10"%[cos (1.5rad/m - y + 4.5 x 10%rad/s - t)] j

Here j denotes that B is perpendicular to E, consistent with the right-hand rule for

electromagnetic waves.

Quick Tip

Remember, in electromagnetic waves, the electric and magnetic fields oscillate perpen-
dicular to each other and the direction of wave propagation, following a right-handed
coordinate system. The magnitudes of £ and B are related through the speed of light in

vacuum.

26. Use the Bohr’s first and second postulates to derive an expression for the radius of
the nth orbit in a hydrogen atom.

Solution:

Bohr’s First and Second Postulates:

- First Postulate: An electron in an atom revolves in certain stable orbits without the

emission of radiant energy.
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- Second Postulate: The electron revolves around the nucleus only in those orbits for which

the angular momentum is an integral multiple of %
Step 1: Electrostatic Force Provides Centripetal Force.

The centripetal force on the electron is given by:

muv? 1 e?

Tn - 47T60%
Step 2: Use of Bohr’s Second Postulate.

The angular momentum of the electron is quantized:

mur, = nh
Solving for v:
nh
v =
mrp

Step 3: Substitute into the Electrostatic Force Equation.

Substitute v into the equation for electrostatic force:

m ( nh\ 1 e?
rn \mry ) dregr?
Simplifying:
2
n2H2 _ e
4d7eg
Solving for r,:
n’h?
rp = 5 X 4eg
me
Final Expression for the Radius:
n2h?
r, = ———————
" An2mee

This is the expression for the radius of the n-th orbit in a hydrogen atom.
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Bohr’s model was pivotal in the development of quantum mechanics, introducing quan-

tized orbital angular momenta, which was a significant departure from classical me-

chanics.

27. (a) Define atomic mass unit (u).

(b) Calculate the energy required to separate a deuteron into its constituent parts (a
proton and a neutron).

mp = 2.014102u

mpy = 1.007825u

my = 1.008665u

Solution:

The atomic mass unit (u), also known as the unified atomic mass unit, is defined as one

twelfth of the mass of an unbound neutral atom of carbon-12. In other words:

1
lu= D x mass of one carbon-12 atom

The atomic mass unit is approximately equal to:

1u = 1.66053906660 x 10~>" kg

It is a standard unit of mass used to express atomic and molecular weights.
(b) Calculation of Separation Energy:

First, calculate the mass defect (Am):

Am = (myg + my) — m(D)

Substitute the given values:

Am = (1.007825u + 1.008665u) — 2.014102u

Am = 2.016490u — 2.014102u = 0.002388 u
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Next, convert the mass defect from atomic mass units to kilograms. 1 u is approximately

1.660539 x 10727 kg:

Am = 0.002388u x 1.660539 x 10~2"kg/u = 3.965 x 10~ kg

Now, calculate the energy using £ = Am - ¢?, where ¢ = 3 x 108 m/s:

E =3.965 x 1073%kg x (3 x 10% m/s)?

E =3.965 x 1073%kg x 9 x 101°m?/s? = 3.5685 x 10713J
To express the energy in MeV (1 MeV = 1.60218 x 10~13 J):

35685 x 107137
~ 1.60218 x 10~13 J/MeV

Therefore, the energy required to separate a deuteron into a proton and a neutron is

approximately | 2.23 MeV |.

~ 2.23MeV

Understanding the concept of mass defect and binding energy is crucial for explaining

why nuclei are stable and the energy processes involved in nuclear reactions.

28(a). Draw the circuit diagrams for obtaining the V-I characteristics of a p-n junction
diode. Explain briefly the salient features of the V-1 characteristics in (i) forward
biasing, and (ii) reverse biasing.

Solution:

Circuit Diagrams: To obtain the V-I characteristics of a p-n junction diode, two setups are
required:

1. Forward Biasing: Connect the positive terminal of a battery to the p-type and the
negative to the n-type. Include a variable resistor to change the voltage and an ammeter to
measure the current.

2. Reverse Biasing: Connect the negative terminal of the battery to the p-type and the

positive to the n-type. Similarly, include a variable resistor and an ammeter.

Qcﬂllegedun[a

-

32



Features of V-I Characteristics:

(i) Forward Biasing:

In forward biasing, the diode conducts current easily after surpassing the threshold voltage
(typically around 0.7V for silicon diodes). The current increases exponentially with an

increase in voltage.

Forward biasing:

Gotmeter)
p

it

Milkammeater
(MA)
| Switeh

A
rak

(ii) Reverse Biasing:
In reverse biasing, the diode does not conduct until a critical reverse breakdown voltage is
reached. Under normal reverse bias conditions, the current is very small (leakage current)

and nearly constant despite changes in voltage.

Reverse biasing:

~Voltmeter(V)
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Always ensure the diode is not subjected to the reverse breakdown voltage in typical

applications, unless it is designed to handle such conditions (e.g., Zener diodes).

28(b). On the basis of energy band diagrams, distinguish between (i) an insulator, (ii) a
semiconductor, and (iii) a conductor.
Solution:
Energy Band Diagrams:
(i) Insulator: Insulators have a very large band gap (usually greater than 6 eV) between the
valence band and the conduction band. This large gap makes it extremely difficult for
electrons to gain enough energy to move from the valence band to the conduction band,
hence very low conductivity.

Empty

E conduction
band

E,>3eV

E,

Valence
band

Electron energies

(ii) Semiconductor: Semiconductors have a smaller band gap (about 1 eV for silicon). At
absolute zero, they behave like insulators, but at higher temperatures, some electrons gain

enough energy to jump to the conduction band, allowing the material to conduct electricity.

hY
F

E,<3eV

Electron energies

(iii) Conductor: In conductors, the valence band and conduction band overlap, or the
conduction band is partially filled with electrons. This allows electrons to move freely within

the conduction band, resulting in high electrical conductivity.
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Lf'| Valence
band

= 0)

(E

9

Electron energies

Understanding energy band diagrams is crucial for grasping how materials behave under

different electrical conditions and temperatures, influencing their application in elec-

tronics.

SECTION-D
Case Study Based Questions

Questions number 29 and 30 are case study based questions. Read the following

paragraphs and answer the questions that follow.

29. The figure shows four pairs of parallel identical conducting plates, separated by the
same distance of 2.0 cm and arranged perpendicular to the x-axis. The electric

potential of each plate is mentioned.

y,
£
—>1
X
-0V 50V 50V +150V =20V 4200V -100V —400V

z
I 1I III v

(i) For which pair of the plates is the electric field £ along i?
(A1

(B) 11

(C) I

(D) 1V

Correct Answer: (D) IV

Solution: The electric field between two parallel plates is given by:
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E = =i
where V is the potential difference between the plates, d is the distance between the plates,
and : is the unit vector along the x-axis.
For the electric field to be along 7, the potential difference between the plates must be such
that the electric field is directed along the x-axis. Among the options, the electric field
between plates IV has this configuration, as the potential difference is from —100 V" to
—400V, and the plates are perpendicular to the x-axis.
(ii) An electron is released midway between the plates of pair IV. It will:
(A) move along 7 at constant speed
(B) move along - ¢ at constant speed
(C) accelerate along i
(D) accelerate along -
Correct Answer: (D) accelerate along —7
Solution: The electric field between the plates of pair IV is non-zero, and since the electron
is midway between the plates, it will experience a force due to the electric field. This force
will cause the electron to accelerate along the direction of the electric field. The direction of
the field is from the positively charged plate to the negatively charged plate, i.e., along the —;
direction.
(iii) Let 1, be the potential at the left plate of any set, taken to be at x = 0m. Then
potential 1/ at any point 0 < z < 2 cm between the plates of that set can be expressed as:
AV =W+az
B)V =V + az?
(C)V = Vp + az!/?
D)V =Vp + az®/?
Correct Answer: (A)V =V + ax
Solution:
Assuming a linear variation of potential across the gap, the potential at any point x between

the plates is a linear function of z:

V=W+ax
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where « is the rate of change of potential per unit distance, determined by the difference in
potential across the plates and the distance between them.
Answer: (A) V =V, + ax is the correct expression for the potential V' at any point z

between the plates.

Quick Tip

When solving problems involving electric fields and potentials, it is crucial to consider

the sign of charge carriers and the direction of the electric field to determine movement

and potential changes correctly.

29(iv)(a). Let Fy, Fo, F3, and E4 be the magnitudes of the electric field between the pairs
of plates, I, I, I1I, and IV respectively. Then:
(A) E1 > Ey > E3 > Ey
(B) Es > Ey > Ey > By
(C)Ey > E3 > Ey > Fq
(D) Ey > E3 > E4 > Ey
Correct Answer : The correct option is (C) Fy > E3 > Ey > Ej.
Solution:
Given that the electric field F between two plates is calculated as:
AV

E=—"_
d

where AV is the potential difference and d is the distance between the plates (2.0 cm = 0.02

m in this case).

e Pair I: AV = —70V — (=50V) = =20V
20

e Pair II: AV = 150V — (=50V") = 200V
200
Ey = 002 10000 V/m

e Pair III: AV =200V — (—20V') = 220V

220
Es = — = 11000 V
3= 002 000 V/m
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e Pair IV: AV = —100V — (—400V) = 300V

300
Ei=—=1 V/
4 0.02 5000 V/m

Answer: Comparing the magnitudes, £y > E3 > Es > E;. The correct option is (C)

Ey > FE3 > Ey > Fy.

Quick Tip
Always remember, the electric field strength is proportional to the voltage difference

divided by the separation distance. Greater voltage differences over the same distance

result in stronger fields.

29(iv)(b). An electron is projected from the right plate of set I directly towards its left
plate. It just comes to rest at the plate. The speed with which it was projected is about:
(Take £ = 1.76 x 10'! C/kg)

(A) 1.3 x 10° m/s

(B) 2.6 x 105m/s

(C) 6.5 x 10° m/s

(D) 5.2 x 10" m/s

Correct Answer: (B) 2.6 x 10°m/s

Solution: Step 1: The work done on the electron by the electric field between the plates is
equal to the change in its kinetic energy.

The work done by the electric field is given by:

W =eV

where e is the charge of the electron and V' is the potential difference between the plates.
The initial kinetic energy of the electron is $mv?, and the final kinetic energy is zero, since it
just comes to rest.

Using the work-energy theorem, the work done by the electric field is equal to the change in

kinetic energy:

V==
€ va
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Now, from the previous part (29), the potential difference between the plates of set Iis 20 V.

Step 2: We can calculate the velocity of the electron using the relation:
[2eV
V=4 —
m

_[2x 176 x 1019 x 20
v 9.11 x 10-31

v 2.6 x 10°m/s

Quick Tip

When projecting an electron or any charged particle in an electric field, remember that

Substitute the values:

kinetic energy is converted into electrical potential energy, and vice versa. The greater
the potential difference, the faster the initial speed required to just reach the opposite

plate.

30. Diffraction and interference are closely related phenomena that occur together.
Diffraction is the phenomenon of bending of light around the edges of an obstacle,
while interference is the combination of waves that results in a new wave pattern. In
order to achieve interference, there must be at least two waves that are diffracting.
Thus, while diffraction can occur without interference, interference cannot occur
without diffraction.

Two slits of width 2 m each in an opaque material are separated by a distance of 6 m.
Monochromatic light of wavelength 450 nm is incident normally on the slits. One finds a
combined interference and diffraction pattern on the screen.

(i). The number of peaks of the interference fringes formed within the central peak of
the envelope of the diffraction pattern will be:

(A)2

(B)3

© 4

(D) 6
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Correct Answer: (D) 6

Solution: The central peak of the diffraction pattern corresponds to the main lobe of the
intensity distribution due to the diffraction effect. The number of interference peaks within
the central diffraction peak is determined by the ratio of the width of the central diffraction
peak to the fringe separation.

The diffraction angle for the first minimum is given by:

sinf = —

d
where A\ = 450 nm (wavelength of the monochromatic light) and d = 6 um (distance between
the slits).
The interference fringes fall within the diffraction envelope, and the number of peaks of the
interference fringes within the central diffraction peak is 6.

Thus, the number of interference fringes within the central peak is 6.

Quick Tip

Remember that the number of interference fringes within the central diffraction max-
imum depends on the relative widths of the interference and diffraction patterns. The

calculation often involves approximations unless exact dimensions are provided.

(ii). The number of peaks of the interference formed if the slit width is doubled while
keeping the distance between the slits same will be:

(A) 1

(B) 2

©)3

(D) 4

Correct Answer: (C) 3

Solution: When the slit width is doubled, the diffraction envelope becomes narrower
because the angular position of the first diffraction minimum is inversely proportional to the
slit width.

The number of interference fringes within the central diffraction peak will remain the same

because the fringe separation is determined by the distance between the slits, not the slit
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width. Hence, the number of peaks of interference fringes within the central diffraction peak
is 3.

Thus, the number of peaks of interference is 3.

Quick Tip

When the width of the slit is increased, the diffraction effects become more pronounced,
reducing the width of the central maximum and the effective space for interference

fringes within it.

(iii)(a). If instead of 450 nm light, another light of wavelength 680 nm is used, the
number of peaks of the interference formed in the central peak of the envelope of the
diffraction pattern will be:

(A) 2

(B) 4

)6

(D)9

Correct Answer: (C) 6

Solution: Step 1: Recalculate the angular width of the central maximum with the new
wavelength.

With a wavelength of 680 nm, the angular width of the central maximum in the diffraction

pattern is recalculated using the formula:

where )\ is now 680 nm, and ¢ remains as 2 m. Thus:

1077 )
0 ~ M — 340 x 10~? radians

Step 2: Determine the separation of the interference fringes with the new wavelength.

The fringe separation in the double-slit interference pattern, given by:
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will be recalculated with the new A = 680 x 107 m. Assuming d = 6 m, we get:

680 x 10~ 9L
Ay ~ — 5

Step 3: Calculate the number of peaks within the central maximum with the new
wavelength.
The total width of the central diffraction peak, 26, and the number of interference fringes

fitting within this width, are recalculated:

201 2x340 x 107°L

= =6
680x10—°L
Ay S50 L

Given the larger wavelength, the angular width of the central maximum is wider, allowing

Number of peaks =

more interference fringes to fit within.

Using a longer wavelength not only alters the diffraction pattern’s angular width but

also impacts the density and number of interference fringes within it.

(iii)(b). Consider the diffraction of light by a single slit described in this case study. The
first minimum falls at an angle equal to:

(A) sin~1(0.12)

(B) sin~1(0.225)

(C) sin~1(0.32)

(D) sin~1(0.45)

Correct Answer: (B) sin—1(0.225)

Solution: Calculate the angle for the first minimum in the diffraction pattern.

The position of the first minimum in a single-slit diffraction pattern is given by the condition:

asin(f) = A

where a is the width of the slit, and )\ is the wavelength of light used. For the initial setup

with A\ = 450 nm and ¢ = 2 m:
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2sin(f) = 450 x 1077 = sin(f) = 225 x 107°

To find the angle 0, we calculate:

0 = sin"1(225 x 1077) ~ sin~1(0.225) (approximation based on the correct magnitude)

Quick Tip

imation techniques.

When calculating angles for diffraction minima, ensure that dimensions are correctly
scaled between the slit size and the wavelength. Large slit sizes or small wavelengths

can result in very small angle values, which may require precise calculation or approx-

(iv). The number of bright fringes formed due to interference on 1 m of screen placed

at % m away from the slits is:
(A) 2

(B)3

)6

(D) 10

Correct Answer: (D) 10

Solution: Given:

¢ Screen distance D =

Ol

m
* Screen length L = 1m

* Wavelength A = 450nm = 0.45 x 10~ 5m

« Distance between slits d = 6 um = 6 x 107%m

The fringe spacing Ay is calculated using the formula:

AD
Ay = 22
Y=

Substituting the given values:

0.45 x 1076 x 2
y 6 x 106 0-1m
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The number of fringes in 1 m is:

L _1 4,
Ay 01

Therefore, the number of bright fringes formed on the screen is:

The theoretical number of fringes can be very high, but practical visibility and resolution

limitations typically reduce the number that can be distinctly observed and counted on

the screen.

Section-E

31. (a) (i) Obtain the expression for the capacitance of a parallel plate capacitor with a
dielectric medium between its plates.
Solution: The capacitance C of a parallel plate capacitor without any dielectric between its

plates is given by:
€A
d

where ¢ 1s the permittivity of free space, A is the area of one plate, and d is the separation

Co

between the plates.

When a dielectric medium with dielectric constant K is introduced between the plates, the
capacitance increases by a factor of K, because the dielectric reduces the effective electric
field within the capacitor while maintaining the same charge. Thus, the new capacitance C' is

given by:
foA
d

This expression shows that the capacitance of a parallel plate capacitor is directly

C=KCy=K

proportional to the dielectric constant of the medium between the plates, the permittivity of
free space, and the area of the plates, and inversely proportional to the distance between the

plates.
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When inserting a dielectric material between the plates of a capacitor, the dielectric
constant (/) of the material not only increases the capacitance but also affects the ca-
pacitor’s ability to store electrical energy without breaking down. This is because the
dielectric material reduces the electric field within the capacitor, allowing it to store

more charge at the same voltage, or maintain the same charge at a lower voltage.

31. (a) (ii) A charge of 6 1. C is given to a hollow metallic sphere of radius 0.2 m. Find the
potential at (i) the surface and (ii) the centre of the sphere.

Solution: Given:
e Charge Q =6uC=6x10"6C
* Radius of the sphere R = 0.2m

(i) Potential at the Surface of the Sphere

The electric potential V' at the surface of a charged sphere is given by:

kQ
V=—
R
where k = 2 ~ 9 x 10°N m*/C”,
Substituting the given values:

C9x10°x6x107% 54 %10

— 3
V= 02 =02 =270 x 10°V

V =127x10°V

(ii) Potential at the Center of the Sphere
For a hollow metallic sphere, the potential inside the sphere (including at the center) is the

same as the potential at the surface. Therefore:

‘/Center = ‘/vsurface — 27 X 105 V

Remember that the potential inside a charged conductor is uniform and equal to the

potential at its surface, regardless of the shape of the conductor.
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31. (b) (i) A charge +( is placed on a thin conducting spherical shell of radius r. Derive
an expression for the electric field at a point lying (i) inside and (ii) outside the shell.
Solution: Step 1: Electric field inside the shell. According to the properties of conductors
in electrostatic equilibrium, the electric field inside a conducting shell is zero. This is
because the charges reside on the surface and symmetrical distribution of charge ensures no
net electric field points inside the shell.

Step 2: Electric field outside the shell. For points outside the spherical shell, the shell can
be considered as a point charge at the center for the purpose of calculating the electric field.

The electric field F at a distance x from the center (where x > r) is given by Coulomb’s Law:

1 Q

E=—2=

Ameq 22
where ¢y 1s the permittivity of free space. This formula indicates that the electric field

behaves as if all the charge Q were concentrated at the center of the sphere.

Quick Tip

Remember that the double electric field strength near a conducting plate compared to
a nonconducting sheet is a result of the conductive property, which causes charges to
redistribute and maximize the field on the exposed side. This principle is fundamental

in designing effective electromagnetic shields and capacitors, where surface charge dis-

tribution plays a critical role in performance.

31. (b) (ii) Show that the electric field for the same charge density o is twice in case of a
conducting plate or surface than in a nonconducting sheet.

Solution: Step 1: Consider a uniform surface charge density o on both a conducting plate
and a nonconducting sheet.

For a nonconducting sheet, the electric field at a point near the surface can be derived from
Gauss’s law.

Using a Gaussian pillbox with a small area A around the surface, we apply Gauss’s law:

fﬁ-dz‘fz Qenc

€0
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Since the sheet is nonconducting, the charge is only on one side of the sheet.
The total enclosed charge is o A.

The electric flux through the pillbox is:

F-A+B. A= 22
€0
on-2 o p=2
€0 2¢q

So, the electric field due to a nonconducting sheet with charge density o is:

o
Enon-conducting = 2_6()

For a conducting plate, the situation is different because charges on a conductor move freely
and spread out evenly. The field due to a conducting plate is calculated similarly using
Gauss’s law. For a conducting plate, the charge distributes evenly on both sides of the plate,
so the electric field is the sum of the fields from both sides. Each side contributes %, and

thus the total electric field is:

g
Econducting = 6_
0

Step 2: We can now compare the electric fields for both cases:
For a nonconducting sheet, Enon-conducting = 32 -

For a conducting plate, Econducting = -

Therefore, the electric field for a conducting plate is twice that for a nonconducting sheet.

Econducting =2- Enon-conducting

Thus, the electric field is twice in the case of a conducting plate compared to a

nonconducting sheet.

Understanding the difference in electric fields between conducting and nonconducting

materials is crucial in applications involving shielding and charge distribution.
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32. (a) (i) (1) What is meant by current sensitivity of a galvanometer? Mention the
factors on which it depends.

Solution: Current sensitivity of a galvanometer refers to the amount of deflection of the
galvanometer needle per unit of current flowing through it. In other words, it measures how
effectively the galvanometer can detect small currents. The sensitivity is usually expressed in
terms of degrees per microampere.

The factors on which the current sensitivity of a galvanometer depends are:

- The number of turns in the coil: More turns increase the torque acting on the coil for a
given current, thereby increasing sensitivity.

- The area of the coil: A larger coil area exposed to the magnetic field increases the torque
for the same current.

- The strength of the magnetic field: Stronger magnetic fields result in greater torque on
the coil.

- The torsional constant of the suspension wire: A lower torsional constant allows for
more significant deflection at lower currents.

32. (a) (i) (2) A galvanometer of resistance G is converted into a voltmeter of range

(0 — V') by using a resistance R. Find the resistance, in terms of R and G, required to
convert it into a voltmeter of range (0 — %).

Solution: Given:
 Galvanometer resistance GG
e Initial voltmeter range (0 — V') with series resistance R
* Desired voltmeter range (0 — %)

The current I through the galvanometer for full-scale deflection is:

v
[:
R+ G

For the new range (0 — %), the current I should remain the same. Let the new series

resistance be R’. Therefore:

o<

R+ G
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Setting the currents equal:

1%
V.o g
R+G R +G
Simplify and solve for R’
1 1

R+G 2R +G)
R+G=2R+@qG)

R+ G =2R +2G

R—G=2FR
R-G
r_
==
Therefore, the required resistance is:

R-G
R = ——

2

Quick Tip
When modifying the range of a voltmeter by changing its series resistance, it’s crucial

to ensure that the new resistance provides the correct voltage division to achieve the

desired scale without exceeding the galvanometer’s maximum current.

32. (ii) The magnetic flux through a coil of resistance 5 (2 increases with time as:

® = (2.0t3 + 5.0t + 6.0¢) mWh. Find the magnitude of induced current through the coil
att =2s.

Solution: The induced emf (€) in the coil is given by Faraday’s law of induction, which

states that:
_d¢
dt

where ¢ is the magnetic flux. Substituting the given expression for ¢, we first find the

g:

derivative of ¢ with respect to time ¢.
The given flux is:

¢ = 2.0t + 5.0t + 6.0t mMWb
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Now, differentiate ¢ with respect to ¢:

d
d—f =3 x 2.0t +2x 5.0t + 6.0 = 6.02 + 10.0t + 6.0

At ¢t = 25, substitute the value of ¢ into the derivative:

d
d—f =6.0x (2)2+10.0 X (2) +6.0 =6.0 x 4+ 10.0 X 2+ 6.0 = 24 + 20 + 6 = 50.0mWb/s

Thus, the induced emf is:

£ =-50.0mV

Now, using Ohm’s law, the induced current I through the coil is given by:

j -
R

where R = 5 is the resistance of the coil. Substituting the values:

~ 50.0x 1073

— =100 x 1073 =0.01A = 10mA

I

Thus, the magnitude of the induced current at ¢ = 2s is 10 mA.

Quick Tip

When calculating induced current due to changing magnetic flux, always check the units
of magnetic flux and convert them to standard units (webers) if necessary to ensure the

correct calculation of induced emf using Faraday’s law.

32. (b) (i) A rectangular coil of N turns and area of cross-section A is rotated at a steady
angular speed w in a uniform magnetic field. Obtain an expression for the emf induced
in the coil at any instant of time.
Solution: Step 1: Derive the formula for induced emf. The magnetic flux ¢ through the
coil at any time ¢ is given by:

®=DB-A-cos(wt)
where B is the magnetic field strength, A is the area of the coil, and wt is the angle made by
the normal to the coil with the magnetic field due to its rotation.

Step 2: Apply Faraday’s Law of Electromagnetic Induction. Faraday’s law states that the

induced emf (€) in the coil is equal to the negative rate of change of magnetic flux through
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the coil:

dd
E=—-N—
dt
Differentiating the flux equation with respect to time gives:
dd
- = —B - A-wsin(wt)

Therefore, the induced emf is:

E=N-B-A- wsin(wt)

Quick Tip

The maximum emf is induced when the plane of the coil is perpendicular to the magnetic

field, i.e., when sin(wt) = 1. This occurs twice during each complete rotation, once in

each half-cycle.

32.(b) (ii) Two coplanar and concentric circular loops L, and L, are placed coaxially
with their centres coinciding. The radii of ., and 7, are 1 cm and 100 cm respectively.
Calculate the mutual inductance of the loops. (Take 72 = 10)

Solution: Given:
e Radius of L1, 71 = 1cm = 0.01m
e Radius of Lo, 79 = 100cm = 1 m
e 12 =10
e Permeability of free space, jp = 47 x 107" H/m

The mutual inductance M between two coaxial circular loops is given by:
_ umrr%r%
2(r? +r3)3/2
Substitute the given values:
(47 x 1077)7(0.01)2(1)?
2((0.01)2 + (1)2)3/2

Simplify the expression:

C4Am? x 1077 x 1074
~2(0.0001 + 1)3/2
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Calculate the denominator:
(0.0001 + 1)3/2 = (1.0001)%/% = 13/2 = 1

Substitute 72 = 10:

C4x10x1077x 1071 4x 10710

_ -10
7 % 1 5 =2x10""H

M

Therefore, the mutual inductance of the loops is:

2% 10719YH

Quick Tip

Note that 72 = 10 significantly simplifies calculations in electromagnetic problems in-

volving circular dimensions, especially in theoretical physics or academic exercises

where approximate values are acceptable for learning concepts.

33. (a) (i) Trace the path of a ray of light showing refraction through a triangular prism
and hence obtain an expression for the angle of deviation (9) in terms of A, i, and e,
where symbols have their usual meanings. Draw a graph showing the variation of the
angle of deviation with the angle of incidence.

Solution: Step 1: Trace the path of the ray of light through the prism. When a ray of
light enters a prism with refractive index greater than that of the surrounding medium
(typically air), it bends towards the normal at the first interface (at angle of incidence i),
passes through the prism, and bends away from the normal at the second interface (at angle
of exit e). The prism has an apex angle A.

Step 2: Derive the formula for the angle of deviation (6). The angle of deviation (¢) is the
angle by which the light ray deviates from its original direction after passing through the
prism. It can be expressed in terms of the angle of incidence (i), the angle of exit (e), and the
prism’s apex angle (A) as follows:

0=i1+e—A

This relationship arises because the external deviation is equal to the sum of the angles of

incidence and emergence minus the angle of the prism.
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Step 3: Graph the variation of 6 with :. The relationship between ¢ and i is typically
non-linear, showing that ¢ decreases with an increase in ¢ up to a minimum value (at the
minimum deviation condition) and then increases. The graph of § versus ¢ will have a ”U”
shape, indicating the minimum deviation occurs when the light ray passes symmetrically

through the prism.

Quick Tip

When plotting the graph of angle of deviation versus angle of incidence, note that the
minimum angle of deviation occurs when the light path through the prism is symmet-
rical. This principle is used in optical instruments to achieve precise angular measure-

ments.

33. (a) (ii) In the figure, a ray of light is incident on a transparent liquid contained in a
thin glass box at an angle of 45° with its one face. The emergent ray passes along the

face AB. Find the refractive index of the liquid.

i 45° D

Solution: Given:
* Angle of incidence on the glass box: 45°

* The emergent ray passes along the face AB, indicating that the angle of refraction at the

glass-liquid interface is 90°.

1. First Surface (Air-Glass Interface):

sin 45° B

sin 6
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: : o__ 1.
Given sin45° = 7

1
— = pusinfd

V2
2. Second Surface (Glass-Liquid Interface):

sin(90° —0) 1

sin 90° W

Since sin(90° — 6) = cos @ and sin 90° = 1:

cosf = l
W
3. Combining the Equations:
11
V2sinf  cosf
Simplifying:
cosf = v/2sin
1
tanf = —
V2
4. Finding sin 6: From the triangle GEF:
1
sinf) = —
V3
5. Calculating the Refractive Index (u):
1 1

Sl&
I

p=——— = — =
V2sin 6 \/§><7g

Therefore, the refractive index of the liquid is:

3

2

Quick Tip

The critical angle condition and refractive index relationship are key to understanding

the behavior of light in different mediums, especially in designing optical instruments

and understanding phenomena like total internal reflection.

33. (b) (i) The displacement of two light waves, each of amplitude ’a’ and frequency w,

emanating from two coherent sources of light, are given by y; = a cos(wt) and
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y2 = acos(wt + ¢). ¢ is the phase difference between the two waves. These light waves
superpose at a point. Obtain the expression for the resultant intensity at that point.
Solution: Step 1: Express the resultant displacement. When two waves superpose, the

resultant displacement y is the sum of the individual displacements:
Yy = y1 + y2 = acos(wt) 4+ a cos(wt + ¢)
Using the trigonometric identity for the sum of cosines:

Yy = 2acos (g) coS (wt + g)

Step 2: Determine the resultant intensity. Intensity is proportional to the square of the

amplitude of the wave. The amplitude of the resultant wave is 2a cos <§>, so the intensity

2
I=k (26L cos (g)) = 4ka? cos? (%)

where £ is a constant of proportionality.

Quick Tip

Remember that the maximum intensity occurs when ¢ = 0 (in phase) and the minimum

is given by:

intensity (possibly zero) occurs when ¢ = 7 (out of phase), demonstrating constructive

and destructive interference respectively.

33. (b) (ii) In Young’s double slit experiment, find the ratio of intensities at two points
on a screen when waves emanating from two slits reaching these points have path
differences (i) % and (ii) %

Solution: Step 1: The phase difference ¢; for path difference % is calculated as:

The intensity /; for this path difference is given by:

I =41 cos? %

I =41, 2@)
1 ocos” ( &
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Since cos (§) = 3 we get:

I =31y
Step 2: For the second path difference %, the phase difference ¢, is calculated as:

2 A

m
2= X176

The intensity /5 for this path difference is:

I =41 cos? %

m
I, =4I, cos? (E)
Using cos ({5) ~ 0.9659, we get:

Iy = 41y x (0.9659)% = 4y x 0.933

Thus, Is = 41y x 0.933.

Step 3: The ratio of intensities is:

I B 31
Iy 4Iycos? 15°
I 3

E - 4 cos? 15°

. . . . . 3
Thus, the ratio of intensities is Too5e

Quick Tip

In Young’s double slit experiment, slight changes in the path difference lead to signif-
icant changes in intensity due to the sensitive dependence on the cosine squared rela-

tionship.
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