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Calculate the effective resistance of the following combination of resistances as
shown in the figure and determine the voltage drop across each resistance when
a potential difference of 120 volts is applied between points A and B :

30

182 80
A e— MWW MWW B

68

5Q

A charge of —3-30 pC is fixed at a point. From a horizontal distance of 0 - 0455 m,
a charged particle of mass 7 - 35 x 10> kg and charge —7 - 45 yC is fired with an
initial velocity 62 - 5 m/s directly towards the fixed charge. How far does this
charge travel before its speed becomes zero?

Discuss the origin of hysteresis in ferromagnetic materials on the basis of
domain theory. Explain how domain wall motion and pinning lead to energy loss
during cyclic magnetization.

A wire of length 2 m is perpendicular to the X-Y plane. It is moved with velocity
V=2+3 i+ k m/s through a region of uniform magnetic induction

B=1i+2] Wb/m’. Compute the potential difference induced between the ends of
the wire.

A very long solenoid of radius a, with n turns per unit length, carries a current I.
Coaxial with the solenoid, at radius b > q, is a circular ring of wire with
resistance R. When the current in the solenoid is gradually reduced, a current I,
is induced in the ring. Calculate I, in terms of Z—’:. Also, calculate the power

dissipated through Joule effect and the electric field E near the solenoid.

The space between the plates of a parallel-plate capacitor is filled with a
dielectric material whose susceptibility varies linearly from 0 at the bottom plate
(x = 0) to 1 at the top plate (x = d). The capacitor is connected to a battery of
voltage V. Calculate all the bound charges and check that the total charge is zero.
Assume that the battery is connected in such a way that the electric field points
along the x-direction while the free charge density, oy, is positive at the bottom
plate and negative at the top plate.

Consider a point charge of 5 nC placed at a distance of 1 m from a perfect
conducting plane (z = 0) of infinite extent. Find the electric field at a point
(2,2,0) m and show that it is normal to the plane.

A rectangular coil consists of 50 closely wrapped turns and has dimensions of
0-5mx0-4m. It carries a current of 1-5 A. If a uniform magnetic field

B =0-1Tis applied such that the direction of the magnetic field makes an angle
of 60° with respect to the plane of the coil, what is the torque exerted on the coil
by the magnetic field?

State and explain Kirchhoff’s current law and Kirchhoff’s voltage law. Derive
these laws from the principles of charge conservation and energy conservation.

A parallel plate capacitor having circular plates of radius 10 cm is being charged.
If the electric field at any instant within the capacitor changes at the rate
5-0Vm ' s, calculate the magnetic intensity |H| inside the capacitor.
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Q1. Calculate the effective resistance of
the following combination of resistances as
shown in the figure and determine the volt-
age drop across each resistance when a po-
tential difference of 120 volts is applied be-
tween points A and B :

30
180 80

INTRODUCTION:

The circuit is to be reduced by identifying resistors
connected between the same pair of nodes and then
applying the series and parallel combination rules.
All resistances are assumed ideal, and the connecting
wires have negligible resistance. Let

VA - VB = ].ZOV,

so conventional current is taken from A toward B. De-
note by C the node immediately after A, by D the junc-
tion before the 8 Q resistor, and by E the junction be-
tween the 3 Q-6 Q parallel pair and the 18 Q resistor.
Ohm’s law and Kirchhoff’s current and voltage laws
will be used.

SOLUTION:
The circuit topology is

30

6Q

5Q

The 3Q and 6 Q resistors are connected between the
same nodes C and E, and hence are in parallel:

(369 18

- - °q=20.
E730+60 9

This 2 Q equivalent is in series with the 18 Q resistor
along the upper path from C to D. Therefore,

R

upper = 2Q +18Q =20Q.

The upper 20 Q path and the lower 5 Q path have the
same end nodes C and D, so they are in parallel:

20Q)(5Q
roy - ODED 100, o
200+5Q 25

Finally, Rcp is in series with the 8 Q resistor:

RABZRCD+SQ=4Q+8QZIZQ.

Sample Preview - Complete files can be purchased from abhi-physics.com

The total current supplied between A and B is conse-
quently
_Va-Vp _ 120V

=242 32—

=10A.

Since the 8 Q resistor is in series with the entire C-D
network, it carries 10 A. Its voltage drop from D to-
ward B is

Vg = I(8Q) = (10A)(8Q) = 80 V.

Kirchhoff’s voltage law then gives the voltage across
the parallel network between C and D:

Vep =120V —80V =40 V.

The 5 Q resistor is directly connected between C and
D, so

40V
Vs =Vep =40V, Iy = — =8A.
5 CD 5 50

The complete upper path also has a 40 V drop. Its cur-

rent is
40V

200

upper — 2A.

Thus, the drop across the 18 Q resistor is

The remaining voltage across the 3 Q-6 Q parallel pair
is
Veg =Vep —Vig =40V =36V =4V.

Since both resistors are connected between C and E,

V3:V6=4V.

Their respective currents are

AV _4, a4V _2,
3Q 3 3

These add to

I

I3+16 = A—LA"F gA: ZA,
3 3
which is the current entering the pair. At node C,

I+,

upper = 8A+2A =104,

in agreement with the total circuit current. The volt-
age drops along the upper path also satisfy

V3||6 + V18 = 4V+ 36V = 40V,
and the complete A-to-B drop is

40V +80V =120V.

CONCLUSION:
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The effective resistance between A and B is

= 120)

and the total conventional current is

from A toward B. The voltage decreases in the direc-
tion of this current, with the individual drops

[Vza=4V,  Vea=4V, Vigq=36V, Vsu=40V, Vyo=80V]

These results apply for ideal ohmic resistors and negli-
gible connecting-wire resistance. The equal 4 V drops
across the 3 Q and 6 Q resistors follow from their par-
allel connection, while the 5 Q resistor has the same
40V drop as the entire alternative upper branch.

CSE + 2026 + 10 MARKS

Q2. A charge of —3-30 uC is fixed at a point.
From a horizontal distance of 0 - 0455 m, a
charged particle of mass 7 - 35 x 10~ kg and
charge —7 - 45 uC is fired with an initial ve-
locity 62 - 5 m/s directly towards the fixed
charge. How far does this charge travel be-
fore its speed becomes zero?

INTRODUCTION:

The required quantity is the distance travelled by the
moving charge before it reaches its point of closest
approach and momentarily comes to rest. Since both
charges are negative, their electrostatic interaction is
repulsive. The particle is therefore decelerated as it
moves towards the fixed charge.

Let the fixed charge be at x = 0, and let the moving
particle initially be at x = r, > 0. The positive x-
direction is taken from the fixed charge towards the
particle. Thus the initial velocity is directed along —x,
whereas the electrostatic force is along +x.

Write

Q=-330x10°C, ¢q=-745x10"°C,

m=7.35x10"° kg

r; = 0.0455 m

v, = 62.5 ms L.
The fixed charge is assumed to remain stationary,
both charges are treated as point charges, and forces
other than the electrostatic force are neglected. Since

the electrostatic force is conservative, mechanical en-
ergy is conserved.

4/16

SOLUTION:

For two point charges separated by a distance r, the
electrostatic potential energy is

kQq

U@r) = =2, k=28.99%10° Nm?C 2.
r

Here
Qg = (=330 x 1076)(—7.45 x 107%) = 2.4585 x 10711 C% > 0,

so U(r) increases as the separation decreases. The par-
ticle’s initial kinetic energy is converted into electro-
static potential energy.

Let r; denote the separation at the turning point,
where the speed becomes zero. Conservation of me-
chanical energy gives

k
L2 4 291 _

Pt}

k
0+,

Hence

+ .
2kQq
The initial kinetic energy is

K = %(7.35 x 1073)(62.5)?

= %(7.35 x 1073)(3906.25)

=1436].
Also,
kQq = (8.99 x 10%)(2.4585 x 10~ 11)
=221%x10"" Jm.
Therefore,
1_ 1 . 1436
r, 0.0455  2.21x 107!
=21.98m ! +64.98 m™!
=86.96m™ !,
and hence
= = 115x 102 m,
86.96

The distance travelled towards the fixed charge is the
decrease in separation:

sS=r—rn
= 0.0455 - 0.0115
= 0.0340 m.

Since r; < 1, the result correctly describes motion to-
wards the fixed charge. Atr, the positive electrostatic
potential energy has increased by exactly the initial
kinetic energy, so the particle momentarily stops and
then reverses direction under the repulsive force.
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CONCLUSION:

The moving charge travels

[5=3.40x102 m|

or

towards the fixed negative charge before its speed be-
comes zero. Its minimum separation from the fixed
charge is

r=115x10"?m=1.15cm |

This result applies under the point-charge approxi-
mation with the fixed charge stationary and all non-
electrostatic forces neglected.

CSE - 2026 - 20 MARKS

Q3. Discuss the origin of hysteresis in fer-
romagnetic materials on the basis of domain
theory. Explain how domain wall motion
and pinning lead to energy loss during cyclic
magnetization.

INTRODUCTION:

A ferromagnetic specimen below its Curie tempera-
ture is divided into magnetic domains. Within each
domain, the atomic magnetic moments are aligned ap-
proximately parallel by the exchange interaction, so
that the domain possesses a spontaneous magnetiza-
tion M,. Adjacent domains are separated by transition
regions called domain walls, within which the mag-
netization rotates continuously from the direction in
one domain to that in the next.

The domain structure minimizes the total free en-
ergy, which contains exchange, magnetocrystalline-
anisotropy, magnetostatic, magnetoelastic, and
domain-wall contributions. In zero applied field,
differently oriented domains generally arrange
themselves so that the net macroscopic magnetiza-
tion is small, even though each domain is strongly
magnetized.

Let the applied magnetic field H and the measured
magnetization M be positive along a fixed axis. In SI
units,

B = py(H + M).

The hysteresis loop arises because the domain config-
uration at a given H depends on the previous mag-
netic history. The principal microscopic cause of this
history dependence is the irreversible displacement

Sample Preview - Complete files can be purchased from abhi-physics.com

of domain walls through an inhomogeneous mate-
rial containing defects, internal stresses, grain bound-
aries, inclusions, dislocations, and spatial variations
of magnetic anisotropy.

SOLUTION:

When a field H is applied, the magnetic contribution
to the free-energy density of a domain whose magne-
tization makes an angle 0 with the field is

ug = —poM - H = —pogMH cos 6.

Thus, domains whose magnetization lies more nearly
parallel to the field have lower energy. Magnetization
can then increase by two principal processes:

1. Domain walls move so that domains favourably
oriented with respect to the field grow at the ex-
pense of unfavourably oriented domains.

2. At larger fields, the magnetization within the
remaining domains rotates towards the field di-
rection. Eventually the specimen approaches
magnetic saturation.

Consider a wall separating two domains whose mag-
netization components along the applied field are M,
and M,. If the wall moves through a distance dx, con-
verting an elemental volume A dx from domain 1 to
domain 2, the change in magnetic energy is

dUH = —[loH(MZ - Ml)Adx

Hence the field exerts an effective pressure on the
wall,

pr = poH(Mz — My).
For a 180° wall separating domains with components
—M; and +M;,
PH = 2p0M;H.

The wall therefore tends to move in the direction that
enlarges the domain magnetized parallel to the field.

In an ideal, perfectly homogeneous crystal, a wall
could move comparatively freely and much of the re-
sponse would be reversible. A real ferromagnet, how-
ever, has a non-uniform internal energy landscape. A
defect can lower the wall energy when the wall inter-
sects it, or an internal stress can locally alter the mag-
netoelastic and anisotropy energies. Such regions act
as pinning centres.

Let Up(x) denote the position-dependent pinning en-
ergy of a wall. The effective wall energy may be rep-
resented schematically by

Uer(x; H) = Up(x) — poH(M; — My)Ax.

The applied field tilts this energy landscape. For a
small field, a pinned wall may deform or move slightly
within a local energy minimum. Such motion is ap-
proximately reversible: when the field is removed, the
wall returns nearly to its original position.
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As H increases, the field pressure increases. At a crit-
ical depinning field H,, the local minimum ceases to
hold the wall. In force form, the depinning condition
is approximately

'lloHp(Mz - MI)A = max

dﬂ
dx |

The wall then jumps abruptly to another stable po-
sition. This is an irreversible change because, after
the jump, merely restoring the field to its previous
value does not restore the former domain configura-
tion. The wall can return only when the field is re-
versed sufficiently to overcome a generally different
pinning barrier. A succession of such discontinuous
jumps produces Barkhausen noise.

Starting from an initially demagnetized state, increas-
ing H causes favourable domains to grow by wall mo-
tion. At higher fields, domain rotation becomes im-
portant, and sufficiently large H produces approxi-
mate saturation. When the field is subsequently re-
duced to zero, many walls do not retrace their earlier
paths because they become trapped at pinning cen-
tres. Consequently, a finite magnetization remains:

M(H =0) = M,
where M, is the remanent magnetization.

A reverse field is required to move the pinned walls
and reverse enough domains to make the net magne-
tization vanish. The magnitude of the reverse field
for which M = 0 is the coercive field H,. Further
increase of the reverse field produces negative satu-
ration. Repeating the process completes a closed hys-
teresis loop.

The work supplied by the external source per unit vol-
ume in a quasistatic magnetic cycle is

Weycle = 351{ dB.

Using B = po(H + M),
Weyele = Ho #HdH + /10§HdM.
Since H returns to its initial value,
Prarn—fa() <o
2
and therefore
Wioss = Ho ﬂngM.

Thus the energy dissipated per unit volume in one

complete cycle equals the area enclosed by the B-H
loop,

Wioss = éHdB’

6/16

or equivalently yi times the area enclosed by the M-H
loop. Its unit is
A J
_3 5

[HdB] = =T =
m m

as required for an energy density.

Microscopically, the applied field stores energy while
a domain wall is held against a pinning barrier. Upon
depinning, the wall accelerates and jumps to another
metastable position. The released energy is trans-
ferred to lattice vibrations, electronic excitations, mi-
croscopic eddy currents in conducting specimens, and
ultimately heat. Since the reverse path encounters
barriers in a different sequence and direction, the en-
ergy released during forward motion is not fully re-
covered. The magnetization consequently lags be-
hind the applied field, producing hysteresis and a pos-
itive energy loss per cycle.

The character of the hysteresis loop is therefore
closely related to the strength of pinning. Soft fer-
romagnetic materials contain relatively mobile do-
main walls and have small H,, narrow loops, and low
hysteresis loss. Hard ferromagnetic materials pos-
sess strong pinning and large anisotropy; they conse-
quently have large coercivity, broad loops, and large
remanence, making them suitable for permanent mag-
nets.

CONCLUSION:

Ferromagnetic hysteresis originates from the exis-
tence of multiple metastable domain configurations
separated by energy barriers. An applied field low-
ers the energy of domains aligned with it, causing
domain-wall motion and, at larger fields, domain ro-
tation. Structural defects, internal stresses, grain
boundaries, inclusions, and anisotropy variations pin
the walls. Walls depin only after a finite threshold
field is reached and then move irreversibly to new po-
sitions, so the domain pattern on decreasing or revers-
ing the field differs from that formed while increasing
it.

This irreversible wall motion accounts for remanent
magnetization M,, coercive field H,, and the lag of M
behind H. The magnetic energy dissipated per unit
volume per cycle is

MosszéHdeﬁuO%HdM’

equal to the enclosed B-H loop area, or to y times
the enclosed M-H loop area. The lost magnetic work
ultimately appears mainly as heat; stronger wall pin-
ning generally produces a wider hysteresis loop and
a larger cyclic energy loss.
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Q4. A wire of length 2 m is perpendicular
to the X- Y plane It is moved with velocity
V =2i+3]+km/s through a reglon of uni-
form magnetic induction B =i+ 2] Wb/m’.
Compute the potential difference induced be-
tween the ends of the wire.

INTRODUCTION:

The wire is perpendicular to the X-Y plane and is
therefore parallel to the z-axis. Let its lower end be
A, its upper end in the +k direction be C, and

EAC = ZIAC m.

The calculation is made in the laboratory frame, in
which the magnetic field is uniform and the wire
translates rigidly with velocity V. The wire is as-
sumed to be open-circuited. The magnetic Lorentz
force q(f} x B) separates charges until an electrostatic
potential difference is established between its ends.

With the stated orientation, the required terminal po-
tential difference is

C
VC—VAzL(ﬁXE)-dl.

SOLUTION:

The motional-force vector per unit charge is

Tk

VxB=1]2 3 1

120
=(3-0-1-2)i—(2:0-1-1)j+(2-2—3- Dk

=—2i+f+kVm!

Only the component of VxB parallel to the wire con-
tributes to the terminal potential difference. Since
dl = kdz,

2

Ve=Va :J'() (—2?+j+i€>j<dl

2
J 1dz
0

=2V.

The +k component of V x B drives positive charges
toward C. Thus the end in the +k direction is at the
higher potential.

The result also follows from the scalar triple product

Vc—VAZ(‘_}XE)‘ZACZZV.

Sample Preview - Complete files can be purchased from abhi-physics.com

This shows that the velocity component parallel to the
wire does not contribute directly; the nonzero voltage
arises from the transverse velocity and magnetic-field
components whose cross product has a component
along the wire.

CONCLUSION:

The magnitude of the induced potential difference be-
tween the ends of the wire is

av=2v]

For the convention L AC = 2k m,

VC—VA=+2V,

so the end lying in the +k direction is 2 V above the

end lying in the —k direction.

CSE + 2026 + 15 MARKS

Q5. A very long solenoid of radius a, with
n turns per unit length, carries a current I.
Coaxial with the solenoid, at radius b > a,
is a circular ring of wire with resistance R.
When the current in the solenoid is gradu-
ally reduced, a current I is induced in the
ring. Calculate I, in terms of % Also, cal-
culate the power d1551pated through Joule ef-
fect and the electric field E near the solenoid.

INTRODUCTION:

For an ideal, very long solenoid, the magnetic field is
uniform inside and negligible outside:

B ponk z, r<a,

0, r>a.

Although the ring has radius b > a, the magnetic
flux linked with it comes only from the cross-sectional
area 7a® of the solenoid.

Choose +z along the magnetic field produced by pos-
itive I;, and choose +¢ counterclockwise as viewed
from +z. Faraday’s law,

Aoy
E- dl -
9gc dt

determines both the induced emf and the circulat-
ing electric field. The current is assumed to vary
quasistatically, displacement-current and radiation ef-
fects are neglected, and the ring’s self-inductance is
neglected compared with its resistance; equivalently,
the variation time scale is much longer than its L/R
time.

SOLUTION:
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The magnetic flux through the ring is

dp = JE “dA = (ponly)(ma?).

Therefore, the induced emf around the ring is

ddg L dI
a” —.
dt

gives
= _yonnaz %
i R dt|

Here I, > 0 denotes current in the +;;S direction. Since
the solenoid current is being reduced,
dl
— <o,
dt

and hence I. > 0: the induced current is counterclock-
wise when viewed from +z. Its magnetic field points
along +z, opposing the decrease of the solenoid’s flux,
as required by Lenz’s law.

The Joule power dissipated in the ring is
P; = I*R.

Substitution yields

3 pan?rat ( dl >2

P -
J R dt

The square makes the dissipated power positive irre-
spective of whether I is increasing or decreasing.

To determine the electric field, symmetry requires it
to be azimuthal:

E(r) = Ey(" $.

For a coaxial circular path of radius r,
ﬁl; E-dl = 2mrEy(r).
C

For r < a, the enclosed magnetic flux is

dp(r) = ponl 7r2.

Thus,
dI,
2nrEy(r) = — 2=
nrEy(r) Honar T
so that
- ponr di
E(r)=——2¢, <a.
(r) T r<a
8/16

For r > a, only the solenoid cross-section contributes
to the flux:
Op(r) = ponl, ma®.

Consequently,

dlr.
27rEy(r) = — i
r ¢(r) Honma T

and hence

2
- Hona” dI
E(r)=——"—"—1¢, >a.
«) 2r dt '

The two expressions agree at r = a, where

- fona dI
E(a)=-2—=4.
@ 2 dt
At the ring, r = b,
E(b) B pona? dI -
2 dt 7

and its circulation is

dl.
27bE(b) = — 25— g
T ¢() Honra d r

which consistently reproduces the induced emf.
CONCLUSION:

With positive azimuthal direction chosen counter-
clockwise as viewed from the +Z end of the solenoid,

2
ponma dI
- — (A
R dt @)

L=

and

P —_
J R dt

2,22 4 2
dl
— ﬂon T-a < S) (‘),)'

The induced electric field is

nrdl -
St <o
E(r) = ) (Vm™)
Hona” dI »
- - ¢, rza,
2r dt
In particular,
E(b)— pona? dI -
20 dt 7T

For & < 0, both E and I, pointin +q3, and the induced
magnetic field opposes the reduction of the original
flux. These results apply to an ideal long solenoid and
to sufficiently slow current variation that the ring’s
self-inductance may be neglected.
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Q6. The space between the plates of a
parallel-plate capacitor is filled with a dielec-
tric material whose susceptibility varies lin-
early from 0 at the bottom plate (x = 0) to
1 at the top plate (x = d). The capacitor is
connected to a battery of voltage V. Calcu-
late all the bound charges and check that the
total charge is zero. Assume that the battery
is connected in such a way that the electric
field points along the x-direction while the
free charge density, oy, is positive at the bot-
tom plate and negative at the top plate.

INTRODUCTION:

The dielectric susceptibility is

xe(x):g, 0<x<d,

so that the position-dependent permittivity is

e(x) = [1+ ro(x)] =€ (1 + 3)

The dielectric is assumed to be linear, isotropic and
locally responding, and fringing fields are neglected.
There is no free volume charge within the dielectric.
We choose +x from the bottom plate to the top plate.
Consistent with the stated orientation,

d
V =¢(0) — ¢(d) = -[ E(x)dx > 0.

0

E = E(x)x,
The free surface charges on the conducting plates are
+tofatx =0and —opatx =d.

The governing relations are

V-D = py, D = ¢E + P = e(x)E,
together with

pp=—-V-P, o, =P-n,

where 1 is the outward unit normal from the dielec-
tric.
SOLUTION:
Since py = 0 throughout 0 < x < d,
dDy
dx
Thus D, is constant. At the positively charged bottom

conductor, the normal component of D entering the
dielectric equals of, and hence

D= O'f)A(

Sample Preview - Complete files can be purchased from abhi-physics.com

It follows that the electric field is nonuniform:
of de

_D _ . )
BN = o T et D adior

The applied voltage determines o:

d ord ?
V:J E(x)dx:LJ _dx_
0 € Jo

d+x
Therefore,
ord ord
V=2 i@+ 01t = Lo,
€ €
and
. €0V
°f = dlnz |

The polarization is

P(x) = € xe(x)E(x).
Substitution gives
x ofd  ofx
GOEEO(d + x)X Tdix

P(x) =

The bound volume-charge density is consequently

dP.
pp(x) = =V-P=——=
dx

Since

%(dix): (djx)z’

one obtains

=T __aV 1

x) = — —

Po (d + x)? In2(d + x)?
0<x<d.

Thus the continuously distributed bound charge is
negative everywhere in the dielectric. This is consis-
tent with P, increasing toward the top plate: a pos-
itive polarization gradient produces negative bound
volume charge.

At the bottom surface x = 0, the outward normal from
the dielectric is

A

flo = —X.
Because x,(0) = 0, the polarization there vanishes:
P(0) = 0.

Hence

| 34(0) = P(0) - (%) = 0|

At the top surface x = d, the outward normal is

fld = +X,

9/16
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and
f¢ . 9f,
P(d) = d+dx_ 5 X.
Therefore,
of €V

d)=Pd) &= L = .
op(d) =P(d) %= - = 7

Any lateral surface has its normal perpendicular to P,
so its bound surface-charge density is zero within the
parallel-plate approximation.

To check the total bound charge, let the plate area be
A. The bound volume charge is

Q(vol):AJd ()dx = —A dJ'd dx
b p PR °f 0o (d+x)%*
Using
Jd dx :[_ 1 ]d:i
o (d+x)? d+xlo 2d°
we find
ngol):_?.

The total bound surface charge is

Ac
O™ = A[0(0) + 0(@)] = Tf
Consequently,
Ao Ac
S T

The cancellation is required because polarization
merely redistributes the initially neutral dielectric’s
positive and negative charges.

CONCLUSION:
For the field directed from the positively charged bot-
tom plate toward the negatively charged top plate,

E()V X

P(x) = :
)= Tmzdx

v,
In2d+x""

E(x)
and the free surface-charge magnitude is

€0V

_ 2
% dnz

inCm™°.

All bound charges in the one-dimensional parallel-
plate approximation are

€0V 1 . -3
xX)=—— inCm™, 0< x<d,
po() In2 (d + x)?
_ 4 : -2
op(0) =0}, cf;,(d)—zdln2 inCm™%,

10/16

with zero bound charge on the lateral surfaces. The
negative volume charge,

Q(vol) _ AgyV
b 2dIn2’

is exactly balanced by the positive bound charge on
the top dielectric surface,
(surf) AV
= +—
% 2d1n2

Hence the net bound charge is

(total) _

Qb 0>

as required for an initially neutral dielectric under the
stated linear-dielectric and negligible-fringing-field
assumptions.

CSE - 2025 - 10 MARKS

Q7. Consider a point charge of 5 nC placed
at a distance of 1 m from a perfect conduct-
ing plane (z = 0) of infinite extent. Find the
electric field at a point (2,2,0) m and show
that it is normal to the plane.

INTRODUCTION:

Take the conducting region to be z < 0 and the phys-
ical space containing the charge to be z > 0. Since
only the perpendicular distance of the charge from
the plane is specified, choose the origin at its perpen-
dicular projection on the plane. Thus,

q:5><10*9C, rq:(0,0,a), a=1m.

The observation point is

P: rp=(2,2,0)m.

The electric field requested at the conductor surface
means the limiting field immediately outside it, z =
0"; the field inside a perfect conductor is zero. The
+z direction is taken from the conductor into the ex-
terior region.

The governing principle is the method of images. The
grounded perfect conducting plane is replaced, for
z > 0, by an image charge

’

q9=-9
at the mirror position
l‘q/ = (0, 0, —a).
This construction makes the plane z = 0 an equipo-

tential of zero potential. By the uniqueness theorem,
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the resulting field in z > 0 is the physical electrostatic
field.

SOLUTION:

For a source charge Q at ry, Coulomb’s law gives

1 Q@ —rp)

E(r) = .
® 4mey |r —ryf3
Let 1
k= —— =8.98755x10° Nm? C~2.
47'[80

The displacement from the real charge to P is
Rq =rp—ry= (2,2,-1) m,
whereas that from the image charge to P is
Ry =1p—r1y = (2,2,1) m.
Their magnitudes are equal:

_ —_ 2 2 2 —
Rq_Rq/_\lz +2+1°=3m.

Therefore, the field at P, approached from z > 0, is

R 'R,
: R},
kq
= Gy [(2,2,-1)=(2,2,1)]m
k
- fn3 (0,0,—2) m
2kq
= — Z.
27 m?

Substituting the numerical values,

2(8.98755 x 10° Nm? C™2)(5x 1072 C) .,
— VA
27 m?

E(P) =

=-333zNCL
The cancellation of tangential components is explicit:

kq kq
E.=—((2-2)=0, E,=—(2-2)=0,
x 27( ) y 27( )

while

kq 2kq
E,=—(-1-1)=——#0.
z 27( ) 27

Since the plane z = 0 has normal vector z, the field

E(P) = E,3

has no component parallel to the plane and is there-
fore strictly normal to it.
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More generally, at any surface point (x, y,0),
2kqa
St —
(x% + y2 + a2)3/2
which confirms that the tangential cancellation is a

consequence of the mirror symmetry and is not pecu-
liar to P.

E(x,y,07) = —

The dimensions are consistent:

kg  (Nm*C%)(C

ke _(NmPCH©)

R? m?
As a physical check, for x%+ y2 > a2, the surface field
decreases as
2kqa

B~
(e + )3/

rather than as the field of an isolated charge; this is
consistent with the real charge and its opposite image
forming a dipole-like configuration at large distance.
The negative sign also has the expected meaning: for
g > 0, negative charge is induced on the conductor, so
the exterior field points toward the conducting plane.

CONCLUSION:
Immediately outside the conducting plane at
(2,2,0) m,
E(2,2,07) = -3.33z2NCL.
Thus,
E,=E, =0, E, = -333NC!,

so the electric field is normal to the plane and directed
into the conductor, along —Zz. This result assumes that
the charge is at (0,0, 1) m, with the origin chosen at
its perpendicular projection on the infinite conduct-
ing plane.

CSE + 2025 + 10 MARKS

Q8. Arectangular coil consists of 50 closely
wrapped turns and has dimensions of 0-5 mx
0-4 m. It carries a current of 1-5 A. If a uni-
form magnetic field B = 0-1 T is applied such
that the direction of the magnetic field makes
an angle of 60° with respect to the plane of
the coil, what is the torque exerted on the
coil by the magnetic field?

INTRODUCTION:

The demand is to determine both the magnitude and
orientation of the magnetic torque on the current-
carrying coil. A planar coil of N turns, area A, and
current I has magnetic dipole moment

p=NIAn,
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where 1 is the unit normal to the plane of the coil,
with its sense fixed by the right-hand rule relative to
the current. In a uniform magnetic field B, the torque
is

T=puxB, T = pBsin,
where 6 is the angle between the coil normal and B.

The field is stated to make an angle « = 60° with the
plane of the coil. Therefore, its angle with the normal
is

0=90"—a=230".

The coil is assumed rigid, planar, and sufficiently
small that the applied field is uniform over all its
turns.

SOLUTION:

The area enclosed by each turn is

A=(0-5m)0-4m)=0-20m?
Hence, the magnitude of the magnetic dipole moment
of the 50-turn coil is
u=NIA
= (50)(1 -5 A)(0 - 20 m?)
=15Am°.

Using 0 = 30°, the torque magnitude is
7 = uBsin6
=(15Am?)(0-1T)sin30°

— (15)(0 - 1)(%) Am®T

=0-75Nm.

Equivalently, since the given angle « is measured
from the plane,

7= NIABcosa = (50)(1-5)(0-20)(0-1)cos60° =0-75Nm.

The dimensional check is
[7] = [uB] = (Am’)(T) = Nm,

which is the correct dimension of torque.

The torque vector is
T = puxB.

It is perpendicular to the plane containing p and B,
with its sense given by the right-hand rule. Since the
direction of current around the coil is not specified,
the absolute clockwise or anticlockwise sense cannot
be assigned. Physically, the torque rotates the coil so
as to align p with B, thereby making the plane of the
coil perpendicular to the magnetic field.

12/16

As a limiting check, if the magnetic field were normal
to the coil, then 6 = 0 and 7 = 0, as expected for an al-
ready aligned magnetic moment. If the field were par-
allel to the plane, then 6 = 90° and the torque would
attain its maximum value NIAB. The calculated value
is one-half of this maximum because sin 30° = 1/2.

CONCLUSION:

The torque exerted on the coil is

T=0-75Nm|

Its direction is along pu x B, perpendicular to the plane
containing the coil normal and the magnetic field. It
tends to rotate the coil until its magnetic moment is
parallel to B, or equivalently until the plane of the coil
is perpendicular to the field. The precise clockwise or
anticlockwise sense depends on the unspecified direc-
tion of current. This result applies for a rigid planar
coil placed in a uniform magnetic field.

CSE - 2025 - 10 MARKS

Q9. State and explain Kirchhoff’s current
law and Kirchhoff’s voltage law. Derive
these laws from the principles of charge con-
servation and energy conservation.

INTRODUCTION:

Kirchhoff’s laws relate currents and voltages in
lumped electrical networks. Kirchhoff’s current law
follows from conservation of electric charge, while
Kirchhoff’s voltage law follows from conservation of
energy.

We make the lumped-circuit and quasi-static assump-
tions: circuit elements and junctions have negligible
spatial extent compared with the relevant electromag-
netic wavelength, connecting wires are ideal unless
their resistance is represented explicitly, and no un-
represented time-varying magnetic flux links a circuit
loop.

For the current law, consider a small fixed control vol-
ume enclosing a junction. A branch current is taken
as positive when directed out of this volume. For the
voltage law, choose an arbitrary direction of traversal
around a closed loop and define

AVk = Vout,k - Vin,k

as the potential change across the k-th element in
that direction. Thus, traversal from the negative to
the positive terminal of a source gives +&, whereas
traversal through a resistor in the direction of current
gives —IR.

SOLUTION:
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1. Kirchhoff’s current law

The law states that the algebraic sum of all cur-
rents meeting at a junction is zero:

ZIkZO.
k

With all currents entering the junction taken as
positive, the equivalent form is

Zlin: Zlout -

The local statement of charge conservation is
the continuity equation

p
L iv-J=o0,
ot 1

where p is the volume charge density and J is
the current density.

Integrating over a control volume 7 enclosing
the junction gives

ap
—dr+ | V-Jdr=0o.
v ot v

Using the divergence theorem,

i), 0ae 9
— dr + J-da=0.
dt %p o7

is the charge stored at the junction, and out-
ward current is positive, then

If

J -da = Ik.
) 1 2
Consequently,

dQ;

—+ ) =0\

dt Zk: k

In an ordinary lumped circuit, a junction does
not continuously accumulate charge. There-

fore,
de
ar

> h=0]|
k

If currents entering the junction are assigned
positive signs and currents leaving it negative
signs, this becomes

and hence

Il+12+"'—13—14—"'20,
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or

Zlin: Zlout-

The result has a direct physical meaning. If the
total incoming current exceeded the outgoing
current, positive charge would accumulate at
the junction; if the outgoing current exceeded
the incoming current, the junction would lose
charge. In steady operation neither accumu-
lation can continue, so the two totals must be
equal.

The dimensions are consistent:

[di?:

Csl=A=[I.
1 s [1]

For a node capable of storing charge, such as a
capacitive node, the more general equation

do,

must be retained.

. Kirchhoff’s voltage law

The law states that the algebraic sum of all po-
tential changes around any closed circuit loop
is zero:

ZAVkZO.
k

Equivalently, the sum of voltage rises equals the
sum of voltage drops:

D& = Varop |

To derive the law, let a small positive test charge
q make one complete traversal of a closed loop.
Because it returns to its initial point, its ini-
tial and final electrical states are the same.
In steady circuit operation it also has no net
change in kinetic energy after a complete cir-
cuit. Conservation of energy therefore requires
the algebraic sum of the energy changes sup-
plied to and removed from the charge to vanish:

> A = 0.
k

Since voltage is energy transferred per unit
charge,

AU
AV = —,
q
we obtain
q Z AV, =0
k
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For g # 0,

The same result may be written explicitly using
node potentials. Suppose a loop passes succes-
sively through nodes with potentials

Vi, Vo, oo, Vi, V1.
The total potential change is
(V2 =V) + (V3 = Vo) + - + (V1 = V).

Every intermediate potential occurs once with
a positive sign and once with a negative sign,
so the expression telescopes:

Vo=V + (V3 =V)+ -+ (V; = V,) = 0.

fav =]

For example, consider a loop containing a
source of emf & and resistors Ry, ..., R, carrying
the same current I. Traverse the source from
its negative to its positive terminal and each re-
sistor in the direction of current. The source
produces the voltage rise

Thus,

+8&,

while Ohm’s law gives the voltage change
across each resistor as

—IRy.
Kirchhoff’s voltage law then gives
& —IR; — IRy — - —1IR, =0,

so that

%ZIiRk.
k=1

Multiplying by the charge g shows the energy
balance directly:

n
q% = ) qIRy.
k=1

Multiplying instead by I gives the correspond-
ing power balance:

1% =) I’Ry.

n
k=1

14/16

Thus the power supplied by the source equals
the power dissipated in the resistors, as re-
quired by conservation of energy.

The dimensional check is
[€]1=[IR]=AQ=V=]CL

The sign convention also gives the correct lim-
iting case: if all resistances tend to zero while
a finite ideal emf remains, the equation would
require an unbounded current. This signals
that a real loop must contain resistance, inter-
nal source resistance, inductance, or another el-
ement that limits the current.

If a time-dependent magnetic flux @z links the
loop, the electric field is not conservative. Fara-
day’s law gives

ddpg
E-di=-——2
frear=-

Therefore the simple form ) ; AV; = 0 applies
only when the linked magnetic flux is constant
or when the induced emf

ddp
Eind = e

is included explicitly as a circuit emf. With
every source, including induction, represented
consistently, the generalized energy balance is

again
Zg— ZVdrop =0.
CONCLUSION:

Kirchhoff’s current law is

Zlk:O or
k

Zlin:ZIout >

where current is measured in amperes and its sign is
fixed by the declared direction at the junction. It is
the lumped-circuit consequence of charge conserva-
tion and is valid when the junction has no net charge
accumulation. More generally,

Kirchhoff’s voltage law is

2.8 =) Varop |

ZAVk =0 or
k

where voltage is measured in volts and each sign is de-
termined by the chosen direction of loop traversal. It
expresses conservation of energy: a charge returning
to its starting point has zero net energy change, so en-
ergy supplied per unit charge equals energy absorbed
or dissipated per unit charge.
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The ordinary voltage law requires a lumped, quasi-
static circuit with no omitted time-varying magnetic
flux. If such a flux is present, its induced emf

_ dog
ind — dt

must be included. Hence Kirchhoff’s laws express, re-
spectively, the impossibility of sustained charge cre-
ation or loss at a junction and the impossibility of net
energy gain or loss in one complete circuit traversal.

CSE - 2025 - 10 MARKS

Q10. A parallel plate capacitor having cir-
cular plates of radius 10 cm is being charged.
If the electric field at any instant within the
capacitor changes at the rate 5-0Vm ™' s/,
calculate the magnetic intensity |H| inside
the capacitor.

INTRODUCTION:
The changing electric field between the plates pro-

duces a displacement current and hence a magnetic
field. The appropriate governing principle is the
Ampere-Maxwell law,

39 ﬁ.dizij D.d5  D=egf
c dt Js

for air or vacuum between the plates.
Let the circular plates have radius
a=10cm = 0.10 m,

and let r < a denote the perpendicular distance from
their common axis. Fringing is neglected, so the elec-
tric field is taken as uniform and perpendicular to the

plates. By cylindrical symmetry, H is tangential to a
circle of radius r and has constant magnitude on that
circle. Its direction is determined by the right-hand
rule with respect to the displacement-current direc-
tion. The stated rate is interpreted as

‘@‘ =50Vm sl
ot

SOLUTION:

Choose a circular Amperian loop of radius r < a, con-
centric with the plates. Since H is tangential and uni-
form along this loop,

4; H-di = H(r)(@2xr).
C
The electric flux through the surface bounded by the

loop is
O = E(nr?).
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Therefore, the displacement current enclosed by the
loop is

ddg JOE
Id(r) = 807 = 8077.'7'25.

Applying the Ampere—Maxwell law,
H(r)(2zr) = gymr? ‘%’

Thus, at any radial position inside the plate area,

HO) =5 |5

s 0<r<al

Substituting the given rate,

(8.854x 102 Fm Hr

5 (5.0Vm ls),

H(r) =

or

Hr)=221x10""1r Am™!

when r is expressed in metres.

Since the question specifies the plate radius but no
separate observation radius, the intended value is the
maximum field inside the capacitor, attained near the
plate rim atr = a = 0.10 m:

(8.854 x 10712)(0.10)(5.0) 1
Am
2
=22135%x 1072 Am™!

H(a) =

~[22x102 Am!|

The dimensional check is
[ ) ] C \% C A
EOT =

ot

,
Vm ms ms m

which is the correct dimension of magnetic intensity.
Also,

lim H(r) = 0,

r—0

as required by cylindrical symmetry, and H(r) in-
creases linearly from the axis to the rim.
CONCLUSION:

The magnetic intensity at a distance r from the com-
mon axis, within the circular plate area, is

- &gt —
|H(r)\:%’%‘zZ.lelO’“rAm Y 0<r<0.10m|

At the rim, where the magnitude is maximum,

H. . =22x1072Am |
max

The field circulates azimuthally around the capacitor
axis, with its sense given by the right-hand rule rel-
ative to the direction of the increasing electric field.
This result assumes a uniform electric field and ne-
glects fringing near the plate edge.
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