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1. [8 marks] An electrifying experiment  

 Professor Coulomb was investigating how the magnitude of the force (| |)F


 between two charged spheres 

depends on the distance between their centres. He conducted four separate experiments by placing two 
identical conducting spheres 1 and 2, each of radius a, at different distances d from each other. The 
experiments are outlined in the table below. Here Q1 and Q2 are the charges on the spheres 1 and 2, 
respectively. The measurement results are presented in the graph. 

 

Experiment no. a(m) Q1 Q2 

1 0.10 +Q +Q 

2 0.10 +Q –Q 

3 0.05 +Q +Q 

4 0.05 +Q –Q 

 Figure out which measurement (A, B, C, D) belongs to which experiment (1, 2, 3, 4). Explain your answers in 
the detailed answer sheet. You may draw diagrams, if necessary.  

Sol. When two opposite charged spheres faces each other the effective distance between the spheres becomes 
less as the two spheres opposite charges will come closer as shown  

 
 ∴ Force between them will be maximum and the change will be greater for greater radii and lesser distance. 

 For d to be very less, 2
1

d
 will be very high.  

 From the graph curve A should be for oppositely charged spheres and of greater radii.  

 ∴ A belongs to Experiment 2.  

 Lesser than that is B.  

 ∴ B belongs to Experiment 4. 
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 When these spheres will be having same charge, their effective distance will be greater as shown. 

 
 And this effect will be more for greater radii and lesser distance.  
 Curve D is having least value of force  
 ∴ D belongs to Experiment 1. 
 Curve C is lesser than A and B but greater than D.  
 ∴ C belongs to Experiment 3. 
2. A Potpourri of Prism Problems 
  (a) [7 marks] In the most common method to determine the angle of minimum deviation by a prism, we record 

the angles of deviation (δ) for various angles of incidence (i) and then plot a graph. However, Professor 
Joseph proposed an ingenious idea to determine the angle of minimum deviation with just a single angle 
of incidence. Eager to share his breakthrough, he penned a letter to his friend, Professor Amal Nathan, 
outlining his method for an equilateral prism. According to Professor Joseph, the only tools required were 
four pins, a board, a marker pen or pencil, a scale, a protractor, and, of course, the prism. He even claimed 
that one may not need all the materials listed. 

    In his letter, Professor Joseph began to sketch a figure to illustrate the method. Here triangle ABC is the 
trace of the prism. The dashed curve is an arc of a circle centered at A. The dotted circles are centered 
on the points of intersection of the arc with the sides of the triangle. Unfortunately, he forgot to complete 
the figure. Can you describe the experimental method to determine the angle of minimum deviation using 
the unfinished figure of Professor Joseph? You must provide the following: 

 
    1. A complete ray diagram using the given figure. You may use the one already provided on the 

answersheet or draw a fresh one. 
    2. Outline of the essential experimental steps using some or all of the equipment mentioned above and 

nothing more. Use the detailed answer sheet for this. 
 (b) [1.5 marks]  Consider a right-angled isosceles prism as depicted below. The prism is placed on a table  

(x-y plane). The triangular faces are non- refracting surfaces. The refractive index of the prism is 1.50. The 
sides AB = AC = AD = 1 unit. The prism is positioned such that point D is at origin, with the axes defined 
in the figure. An arrow-shaped object is pasted on the face BCFE of the prism as shown. Drawn the image 
of the object as seen by an observer in front of the face BCFE. 
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 (c) [1.5 marks] Now an object, shaped like the letter “P” as illustrated in the left figure below, is held in front 
of the face ABED of the prism, placed on a table (x-y). The corresponding top view of this configuration is 
also presented in the right figure below.  

 
  Draw the image of the “P” as seen by an observer in front the face ACFD. Additionally, draw a qualitative 

ray diagram illustrating the image formation. 
  (d) [5 marks] In this part, alongside the setup of part (c) with the prism ABCDEF and the object “P” positioned 

in front of its face ABED, we introduce another identical prism, A’B’C’D’E’F’ (see below) 

 
  A specific experiment requires placing the prism A’B’C’D’E’F’ in combination with the existing setup so 

that the following image (as shown below) of the object of the object “P” can be obtained. 
  Without disturbing the prism ABCDEF, where and how would you hold the prism A’B’C’D’E’F’ to achieve 

the resultant image? 
  Provide your answer in terms of coordinates of the vertices of the prism A’B’C’D’E’F’ taking vertex D of 

the first prism as the origin. Additionally, specify that to view such an image, the viewer should be facing 
which particular face of the prism. 

  Hint: The position of the second prism is such that any one of the parts (such as at least one of the vertices, 
edges, or faces) touches the table. The viewer should be positioned in a way that allows a clear line of 
sight to the area where the image is formed, ensuring an unobstructed view of the desired image. 

 (e) [3 marks] In a spectrograph, two equilateral prisms denoted as 1 and 2 with refractive indices µ1 = 1.50 
and µ2 = 1.68, respectively, are placed one after another (see the figure below). The incident ray is shown 
on the left and the final emergent ray is shown on the right.  

 
  Find the angle (β) between the bases of the two prisms if each prism is individually adjusted for minimum 

deviation for the respective incident rays. Obtain the total deviation δ of the beam of light in this 
configuration. Express your answers in terms of µ1, µ2, A. Calculate and δ in degrees. 
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Sol. (a) The ray diagram can be traced by ensuring the incident ray passes through point E after refraction 

   
  Since refracted ray became parallel to the base of prism (Equilateral prism), then incident angle 

(i) = emergent angle (e). 
  This is the case of minimum deviation. 
  So, ∠r1 + ∠r2 = 60° and ∠r1 = ∠r2  

  ∠r1 = ∠r2 = 30° 
  Hence ∠i = ∠e = ∝ 
  From Snell’s law 
  1sini = µsinr1 

  3sin
4

=i  

  For minimum deviation 
  δmin + A = i + e 

  δmin = 2i – A 

  1
min

32sin
4 3

− π δ = − 
 

 

  Note: ∝ = 90 – θ, where θ can be found using instrument. 

 (b)  
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 (c)

 

 

  There will be some lateral displacement of image as well as horizontal stretched while seeing from this 

side. 

  Hence letter ‘P’ will became slightly stretched while the vertical height will be remain same. 

   

 (d)  

 (e)  

  Here, µ1 = 1.5 

            µ2 = 1.68 

  Here ray deviation have minimum for both prism. 
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For prism-I 
 2r1 = 60 
 r1 = 30° 
 From Snell's law  

 1
31 sin sin(30 )
2

× = °i  

 1
1

3sin 48.6
4

−  = = ° 
 

i  

 Minimum angle of deviation through  
 Prism-I,  1 12 60= −δm i  

   (37.2)= °  

For prism-II 
 21 sin( ) 1.68sin(30 )× = °i  

 1
2 sin (0.84)−=i  

 2 (57.14)= °i  

 Minimum angle of deviation through  
 Prism-II,  2 22 60 (54.3)= −δ = °m i  

    

  Net deviation ( )minδ  = ( )1 2
(91.5)+ = °m mδ δ  

  For geometry, θ = 180° – (i1 + i2) 

  and α = (180 – θ) = i1 + i2 = (105.74)° 

  again α + β = 360 – 120° 

   β = 240 – α  = (134.26)° 

3. Chandrayaan-3 

 On July 14, 2023, India’s lunar mission satellite, Chandrayaan-3, was successfully launched by the Indian 

 Space Research Organization (ISRO). Chandrayaan-3 (mass m = 3900 kg) was taken to the Moon through a 

 series of Earth Bound Manoeuvres (elliptical) orbits (EBNs) as depicted in the figure below. In this problem, 

 we will explore the physics governing some part of its journey, employing a simplified model. For all parts of 

 this problem except part (f), we consider Chandrayaan-3 to be moving only under the influence of Earth’s 

 gravity (a central force).    

 

 (a) [6 marks] Upon launch, Chandrayaan-3 entered an elliptical orbit around Earth, with Earth at one of the 
foci (E) as shown below. The points P and A are the perigee (nearest point from the Earth) and apogee 
(farthest point from the Earth), respectively. We introduce the polar coordinate system (r, θ), where r



 is 
the vector from the centre of the Earth (origin) to the satellite, and θ is the angle that r



makes with the 
major axis (PA = 2a). The directions of unit vectors r̂  and θ̂  are shown in the figure.   
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  The equation of the ellipse can be written in polar coordinates as  

  0
(1 cos )

rr
e

=
− θ

 

  where e is eccentricity of the orbit (0 < e < 1) and r0 is called the latus rectum. 

  The velocity v


of the satellite in polar coordinates can be written as 

  ˆ ˆˆ ˆr tv v r v r r r= + θ = + θθ
 



 

  Where vr = r


 is the “radial” speed and vt = r θ


 is the “tangential” speed. 

  Make schematic plots of the speeds vr and vt as functions of θ over one full orbit. Mark any significant 

points in the plots in terms of a, e, and other variables. 

 (b) [1.5 marks] Obtain an expression for the total energy (E) of the orbiting satellite in terms of a and other 

constants. 

 (c) [1 mark] Plot the kinetic energy (KE) of the satellite as a function of θ over one full orbit. Mark any 

significant points in terms of a, e and other variables. 

 (d) [1.5 marks] The perigee and apogee of the elliptical orbit in part (a) are 200 km and 36500 km, 

respectively. It is generally described as a (200 × 36500) km orbit. Here the distances are defined from 

the surface of the Earth. Calculate the period of rotation T (in hr) of Chandrayaan-3 in this orbit. 

 (e) [2.5 marks] To move Chandrayaan-3 from the first orbit (in part (d)) to another elliptical orbit EBN-1, an 

instantaneous boost was applied at perigee by changing the velocity by ∆v, without altering the direction. 

This changed the apogee to 41800 km above Earth's surface while keeping the perigee unchanged. 

Calculate ∆v. 

 (f)  [1.5 marks] After a series of manoeuvres, Chandrayaan-3 was placed in an elliptical orbit of (100 × 1437) 

km around the Moon. Here the distances are calculated from the surface of the Moon. Calculate the 

change in velocity ∆v′, applied at the perigee, that is required to bring Chandrayaan-3 from this elliptical 

orbit to a circular orbit at a distance of 100 km from the surface of the Moon. For this part, assume that 

Chandrayaan-3 is only under the influence of the Moon’s gravitational field 
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Sol. (a)  

  0
1 cos

rr
e

=
− θ

  

  0
2

sin
(1 cos )r

r edr dv
dt dte

− θ θ
∴ = =

− θ
 …(i) 

  
2

2 2
L dA r d
m dt dt

θ
= =  

  2
d L
dt mr

θ
⇒ =  …(ii) 

  From (i) and (ii) 

  
2

0
2 2

0

sin (1 cos )
(1 cos )r

r edr L ev
dt e m r

− θ − θ
= = ⋅

− θ
 

  
0

sin
r

eLv
mr

− θ
=  

   

  Also,  t
r dv
dt

θ
=  

    2
0

(1 cos )( )L L er
m rmr
− θ

= =  

   
 (b) Total energy (E) 

    

  Total energy (E) 
2

E CGm m
a

−
=  

  Here mE = mass of earth  
  mC = mass of Chandrayaan 
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 (c) K.E. = E – (P.E.) 

  
0

(1 cos )
2

 
= − − − − θ 

 
E C E CGm m Gm m

e
a r

 

  
0

1 cos 1
2

 − θ
= − 

 
E C

eGm m
r a

 

   

 (d) 
2 3

2 4
e

aT
GM
π

=  

  Here, 200 36500 18350 km
2

a +
= =  

  Me = 5.9 × 1024 kg 

  
2 3 9

11 24
4 (3.14) (18350) 10
6.67 10 5.9 10

T
−

× ×
∴ =

× × ×
 

          = 6.86 Hours 

 (e) Initially, 2
3 3

1
2 200 10 18350 10

   
+ − = −      × ×   

e c e c
c c

Gm m Gm m
m v  

  ⇒ vc = 623 × 102 m/s 

  Finally, 2
3 3

1
2 200 10 21000 10

 
+ − = −  × × 

e c e c
c c

Gm m Gm m
m v  

  ⇒ ′cv = 624 × 102 m/s 

  ′∆ = −c cv v v  

  = 102 m/s 
 (f) a = (2(rm) + 100 + 1437) km 
     = 3274 × 103 m 
  Also 100 + rm = a(1 – e) 
  ⇒ e = 0.43 

   2moon(1 ) 19 10 m/s
(1– )

Gm e
v

a e
+

= = ×  

   For circular motion 

   2moon
3

moon
16 10 m/s

( 100) 10
Gm

v
r

′ = = ×
+ ×

 

  ∴ ∆v = (19 × 102 – 16 × 102) m/s  

   23 10 m/s≈ ×   
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4. Mag-Grav Tussle 
 A rectangular conducting loop of mass m, width w, length h, and self inductance L is held in the vertical x-y 

plane with its bottom edge along the y-axis (see figure on the left below). In this problem take the resistance of 
the loop to be zero. A uniform magnetic field B



 is applied horizontally as shown in the figure such that 
ˆ for 0

0 for 0
B Bk x

x
= ≤

= >



 

 The loop is released from rest at time t = 0 and descends under gravity (see the figure to the right below). 
The acceleration due to gravity g is in +x direction. 

 
 (a) [5 marks] Obtain x(t), the position of the bottom edge of the loop at time t, in terms of relevant variables. 
 (b) [6 marks] Imagine different possible scenarios for the nature of motion of the loop and plot x(t) for each. 
Sol. (a) 

 
   Resistance of the loop = 0  

  ∴ ∆Vloop = 0 
  φ = const. 
  B0hω = Bω (h – x) + Li 

  ∴ 0B wxi
L

=  

  also ( )loop
mdvF mg i wB
dt

= = −  

  
2 2mdv B w xmg

dt L
∴ = −  

  
2 2B wa g x
mL

∴ = −  [condition of S.H.M] 

   coeff of 
2 2

2B wx
mL

= = ω  

  also 
2 2

2 2
B w mgLa x
mL B w

 = − − 
 

 

  and at x = 0, t = 0, v = 0, a = g. 

  ( )
2 2 2 2 cosmgL mgLx t

B w B w
  ∴ − = − ω    

 

  
2 2B w
mL

ω =  
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 (b) Graph will be 

   
5. Thermal Tussle 
 Consider a horizontal insulated cylindrical tube of very large length. Two identical insulated pistons, each of 

mass M = 0.2 kg are fitted within the tube separated by a length L0 = 1 m. The space between the two pistons 
is filled with one mole of (ideal) helium gas, initially at temperature T0 = 300 K. The external pressure, 
everywhere outside the pistons and tube, is zero. 

 
 Initially, the pistons are held in place by an external mechanism. At time t = 0, the mechanism is released and 

the pistons move without friction and the process is quasistatic initially. Assume that the gas behaves ideally 
throughout. Let Cp and Cv be the specific heats of the gas at constant pressure and volume respectively. Also, 
λ = Cp/Cv = 5/3.  

 (a) [6 marks] Determine the velocity (νp) of each piston in terms of the gas temperature T and other relevant 
variables. At what temperature (Tc), is the process no longer quasistatic? Calculate Tc. 

 (b) [4 marks] From here, we restrict our analysis only to the quasistatic regime of the process. We define 

0

Tu
T

= . Obtain the relation between u and t in the following form 

  t = f(u) 
  You may leave the answer in terms of a suitable integral involving L0, M and other variables.   
 (c) [4 marks] Qualitatively plot the rate of change of temperature (dT/dt) vs T. Mark any significant point(s) 

on the temperature axis in the plot. 
 (d) [4 marks] At what time t does the temperature T of the gas reach 20K? What is the piston velocity (vp) 

at this point? 
Sol. (a) Loss in internal energy = gain in Kinetic energy 

  2
v

1C T m 2
2

µ ∆ = ν ×  

  2
v 0C (T T) mµ − = ν  

  01, T 300 Kµ = =  

  v
3C R
2

=   

  25R J / mol-K
3

=  

  0(T T)3 R
2 m

−
= ν  
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 (b) – 2v
dT dvC mv
dt dt

µ =  

  – 2v
mdvC dT vdt
dt

 µ =  
 

  

  –µCvdT = 2PAd 

mdvPA F
dt

= =  

      PA = V  

  – 2v
dC dT RTµ = µ




 PV = µRT 

  – 2vC dT d
R T

=




 

  
0 0

– ln 2lnvC T x
R T

=


 
0

T u
T

=  

  
0

– ln ln
2

vC xu
R

=


 

  – /2
0

vC Ru x=  

  – /2
0

0

v

t
C Ru vdt= ∫  

 (c) For adiabatic process 
  TvY–1 = Constant 
  Diff. w.r.t time we get 

  –1/3 2/32
3

dv T dTv v
dt dt

  = − 
 

 

  
22 2

3 2
P

P

dv dxA
T dT dt dtAv
v dt dv Av

dt

 =× = − 
 =




 

  4
3 P
T dTAv
v dt

= −  

  As, 
3/2
0 0

3/2
T vv
T

=  

  
5/2

3/2
0 0

4
3

PAvdT T
dt v T

− =  

        
5/2

3/2
0 0

4
3

PAv T
L AT

=  

   
5/2

3/2
0 0

4
3

PvdT T
dt L T

− =  
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5/2

3/2
0

4 15 (300 )
3 2

dT TR T
dt T

− = −  

   

 (d) 2
0

1( ) 2
2V pC T T mvµ − = ×  

  (300 )v
p

C T
v

m
−

=  

  15 (300 )
2 pR T v− =  

  Putting T = 20K 

  15 25 280
2 3

× ×  = 132.29 m/s = vp 

6. Sonic Sleuth 

 During her summer vacation, Dheera decides to carry out a smartphone based experiment. She utilizes a 

smartphone’s frequency sensor that can measure the frequency of the audio signal it receives. She takes a 

long cylindrical tube closed at one end. This tube has a length of L = 30.0 cm and an inner diameter of  

d = 2.45 cm. Dheera starts filling the tube with water, which is dripping from a tap at a constant rate Q (measured 

in milliliters per second (mL/s)). 

 Dheera positions her smartphone near the open end of the tube to measure the frequency of the sound emitted 

as water fills the tube. An app on the phone captures a range of frequencies in the recorded audio at any given 

time. At randomly chosen values of time t, one of the frequencies at that time is shown in the following table. 
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Time t (s) Frequency f (Hz) 
 

Time t (s) Frequency f (Hz) 

5.0 915  36.0 434 

7.6 320  39.6 481 

16.2 345  41.9 500 

16.7 1008  42.5 1454 

20.9 360  51.1 1618 

25.7 1148  51.6 574 

28.9 1196  56.1 1782 

31.5 410  60.2 680 

33.3 1290  66.3 820 

  Help her to analyse the experiment. 

 (a) [3 marks] Derive the expression for the velocity of sound cs in terms of f, t and constants. 

 (b) [8 marks] Choose a pair of suitable variables and plot a linear graph. Specify the axis labels. Obtain the 

speed of sound C8 and the rate Q from this plot.    

Sol. (a) Volume of water received = Qt 

  Level of water filled 2

4

=
π

Qt
d

 

  Air column length 0 2
4

= − =
π

 

Qt
d

 

  eff 0.3= +  d  

  eff 0 2
4 0.3= − +
π

 

Qt d
d

 

  Also 
eff4

=


nv f  

  0 2
4 0.3

4
= − +

π


nv Qt d
f d

 

  Selecting 2 groups of frequencies 

  As {345, 360, 410, 434, 481, 500, 574, 680, 820} and {915, 1008, 1148, 1196, 1290, 1454, 1618, 1782} 
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 (b)  
eff4
snv

f
L

=      n – 1, 3, 5 

  1 vs t
f

 
 
 

 graph 

  0 2

1 4 4– 0.3
s

Qtl d
f nv d

 = + 
π 

 

  Taking 1 y
f

=  and t = x 

  y = α – βx. 

   

  y = 0 

  

2(1.3 ) ' '
4

gives

d d t
Q

Q

 π
=




 

  One intercept gives Vs and other intercept gives Q 

  For x = 0 

  1 4 (1.3 )
s

d
f nv

=  

 

   


