Code: Phy/ EM-1/EFnP/002

Electromagnetism: Electrostatics-Electric Fiend and Potential
(Selected Questions: Set2)

Important Note: Determination of Electric Field using Coulomb’s Law basic concept based on
which concept of electric potential has been developed. Yet, electric field at a point due to multiple
charges or distributed charges becomes simple by determining electric potential. Extension of
Coulomb’s Law into Gauss’s Law is a further simplification that is helpful in determining electric field
at a point. It, however, require to define Gaussian surface with due consideration to geometrical
symmetry of charge distribution. Illustrations here will lead to better understanding of the concepts
and their applications.

Abbreviations: Q- Question, A- Answer, I — Illustration to the solution

Q-1 | A block of mass m having a charge ¢ is placed on a smooth _—

horizontal able and is connected to a wall through an /‘m m_|
upstretched spring of spring constant £ as shown in the figure. ? F—
A horizontal electric field E parallel to the spring is switched T T T LA T
on. Find the amplitude of the resulting SHM of the block.
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I-1 The mass m carrying a charge g in presence of electric field would experience a force Fy = gE....(1) This
would cause an elongation [ in the spring whose spring constant is k with one end fixed such that
restraining force as per spring law F; = kl...(2) .This is the position of equilibrium of the mass such that

F;, = Fg...(3). Combining (1) and (2) in (3) we have kl = gFE = | = aE. But, in the process, the mass will

k
have acquired kinetic energy and this cause an overshoot of the mass by a distance x, where spring creates
an additional restraining force f = —kx, as per spring law. This force fis proportional to displacement

from mean position and against direction of motion i.e. towards mean position. So also on achieving
maximum displacement. This restraining force f will cause retardation on the mass until its velocity
becomes zero. At this position, existence of f would accelerate the mass towards the mean position. But
due to kinetic energy gained by the mass, as per Law of Conservation of Energy, it would again overshoot
to compress the spring until it reaches its natural length. Thus, motion of the mass satisfies criteria of

Simple Harmonic Motion (SHM) whose magnitude is [ = % . is the answer.

N.B.: In the problem natural length of spring has no role. And spring is assumed to be an ideal spring
following law of linear restraining force.

Q-2 | A block of mass m containing a net positive charge ¢ is placed on

|
a smooth horizontal table which terminates in a vertical wall as — Ry & i
shown in figure. The distance of the block from the wall is d. A ) 57 ) b
horizontal electric field £ towards right is switched on. Assuming 4 -
elastic collisions (if any) find the time period of the resulting SN K RN

oscillatory motion. Is it a simple harmonic motion?

A-2
md , No
qE




I-2

The mass m carrying a charge g, placed on a smooth table would, in absence of electric field, would
continue to be in state of rest as per Newton’s Third and First Law of motion. As soon electric field is
switched in would experience a force Fy = qE....(1) and thereby an acceleration a, as per Newton’s

Second Law of Motion, Fp = ma = a = fn—E = %. ..(2). This question has two parts — Part 1: time period

of oscillation, Part II: Is the oscillation a simple harmonic motion (SHM). Analysis is facilitated with
five instance diagrams, and each stage is being analyzed-

At t = 07: is initial position when electric field is not switched on.

Att = 0": under influence of Fg , the mass at rest u = 0, and it will move toward wall with acceleration
a.

At t = t™: while covering a distance d, before it collides with the wall, will acquire velocity, as per Third

Equation of Motion v? = u? + 2ad = v = V2ad . Time t taken by the mass to T S Y
. . . v V2ad m
reach the wall, as per First equation of motion, v =u+at =t = == g
’Zd . 2d /2md e
7...(3). Combining (2) and (3), t = @ =l i lemaaed =5
\J R ——

Att = t*: time: after the elastic collision , as stated in the problem, the mass will
return with the same velocity v, but in a direction opposite to the electric field as
shown in the figure.

At t = 2t: Thus electric force, due to charge on the mass, during t = t*to t =
2t will cause retardation a of magnitude, but in direction opposite to velocity of
the mass. Thus, as per equations of motion in another time ¢t it will reach the

original position, with velocity Zero to complete one cycle of oscillation . —

i :-(- ————d —— r

. L 2md 8md , m )

A Thus total period of oscillation would be T = 2t = 2 o =>T= ~SE 8 the o :
answer of part L. =2t

This kind of motion with time period T would continue, between the wall and initial position of the mass,
as long as electric field exists. In this case force on the particle is constant and unidirectional irrespective
of the fact whether mass is approaching the wall or moving away from the wall. This is against basic
parameters of a simple harmonic motion (SHM), which requires force to be proportional to displacement
a from mean position. Hence, motion of the mass is not SHM, is the answer of part II.

N.B.: Infact this question can be framed into option question. Yet framing such question in an illustrative
problem requies that necessary considerations are brought out, rather than just straight answer in few
steps.

Q-3

An electric field of 20 NC! exits along X-axis on space. Calculate the potential difference Vg — V,, such
that points A and B are given by

(a) A=(0,0); B=(4m,2m)
(b)) A=(4m,2m); B=(6m, 5m)
(c) A=(0,0); B=(6m, 5m)

Find relation between the answers of part (a), (b) and (¢).

80V  (b)40V  (c)-120V

I-3

Given that E = 20i N/C ...(1), is uniform and pair of coordinates of A and B in three sets. For each set
AV = VB - VA andV = _E)? . Therefore, VB - VA = _(E-)FB - E-)FA) =4 VB - VA = E (FA - ‘FAB)(2)
Using the given data in (2), and taking each part separately —




Part (a): 7y = 00 + 0f and 7 = 40 + 2], Vp — V4 = 201 ((0f + 0f) — (41 + 2J)) = —20 X 4 = —80V
Part (b): 74, = 40 + 2j and 75 = 61 + 5], Vg — V,; = 200 (41 + 2) — (61 + 5))) = —20 X 2 = —40V
Part (x): 74 = 01 + 0f and s = 6 + 57,V — V4 = 201 ((0f + 0f) — (61 + 5))) = —20 X 6 = =120V
Hence answers are (a) -80 V (b)-40V (¢)-120V

N.B.: This problem has been solved in pure mathematical manner using concept of Dot product of vectors
which is scalar quantity such that -7 =1;j-7 = 1and{-j = 0. This is done to encourage mathematical
ability.

An electric field of 20 NC™! exits along X-axis on space. A charge of —2.0 X 10™* C is moved from
point A to the point B. Find change in potential energy Ug — Uy, such that points A and B are given
by

(a) A=(0,0); B=(4m,2m)

(b) A=(4m,2m); B=(6m,5m)

(c) A=(0,0); B=(6m, 5m)

A4

0.016J, (b)0.0087, (c) 0.0247

-4

Given that E = 20i N/C ...(1), is uniform and pair of coordinates of A and B in three sets. For each set

AV = Vg =V, and V = —E.7 . Therefore, Vg — V, = —(E.7g — E.74) = Vg =V, = E. (74 — 4p)...(2).

Further, change in potential energy is Ug — U, = q(Vg — V,1) and given that ¢ = —2.0 x 10™*C. Using

the given data in (2), and taking each part separately —

Part (a): 74 = 00+ 0] and 7 = 40+ 2, Up — Us = (2.0 x 10~*) (20 (07 + 07) — (4 + 2))) =
(—2.0x107%) (=20 x 4) = 0.016 J.

Part (b): 74 = 40+ 2] and 7 = 61+ 5], Up — Uy = (=2.0 x 10~*) (201 (41 + 2§) — (61 + 5))))
(=2.0 X 10™4)(—20 x 2) = 0.008 J.

Part (x): 7 = 01 + 0] and 7 = 60+ 5], Up — Uy = (=2.0 x 10~%) (201 (02 + 0)) — (61 + 5))))
(=2.0 X 1074) (=20 X 6) = 0.024 J

Hence answers are (a) 0.016 J, (b) 0.008 J, (c) 0.024 J

N.B.: This problem has been solved in pure mathematical manner using concept of Dot product of vectors
which is scalar quantity such that -7 =1;j-7 = 1and{-j = 0. This is done to encourage mathematical
ability.

An electric field E = (207 + 30/)NC! exists in the space. If potential at the origin is taken to be zero,
find the potential at (2m, 2m).

-100 vV

I-5

Given that electric field in pace is E = (20i + 30j) N/C ...(1), and potential at origin 7o = 0f + 0j is
Vo = 0. It is required to find potential at a point P defined by 7p = 2 + 2j. Potential at point P (7) w.r.t
origin () is AV=Vp—0=>Vp,=AV and V =—E.7# . Therefore, Vp=—(E.7p —E.7p) > Vp =
E.(fy —#)...(2). Using the given data in (2), Vp = (20i+ 30)). ((02 +0j) - (2i+ 2}')) >V =
—(207+30j) - (20 + 2j). 1t leads to Vp = —(20i-2i+ 30j-2j) = Vp = —(40 + 60) = —100 V is the
answer.

N.B.: This problem has been solved in pure mathematical manner using concept of Dot product of vectors
which is scalar quantity such that 7-i=1;j-j=1and i-j=j-1=0. This is done to encourage




mathematical ability. At the same time it easier to solve the problem mathematically rather than
graphically.

Q-6 | The electric potential existing in space is V(x,y,x) = A(xy + yz + zx).
(a) Write the dimensional formula of A
(b) Find expression for the electric field
(c) If A is 10 SI units, find the magnitude of electric field at (Im, Im, 1m).
A6 | MTTI'  (b)-A{iy+2) +jz+x)+k(x+y)} (c)35N/C
I-6 | Taking each part separately —
Part (a): Potential at a point is defined as work done in moving a unit (+) charge from infinity to the
2m—2
point. Accordingly, as per dimensional analysis [Potential] = [[Cvzg:i] = [V] = % =
ML?T~3171...(1). Dimensional equivalent of the given expression is [V] = [A]L?...(2).
27—-31—1
Combining (1) and (2), [A]L2 = ML2T3171 = [A] = % = MT3I"1 is the answer.

Part (b): Electric potential is AV = —E-AF>E = —g—‘:...(3). It is a partial derivative. Given that
V(x,y,x) = A(xy + yz + zx). Taking partial derivative E= %A(xy + vz + zx). It is to be
noted that AF = Axi+ Ayj+ Azk. Therefore, E = A i% (xy+zx)+] dd—y (xy + yz) +
~d = . d . d ~d
k— (yz + Zx)>. Itleadsto E = A <(y + Z)lax + (x + 2)j o7 + (x + y)kaz>, and finally
E=A ((y +z2)i+(x+2)j+(x+ y)E). Is the answer.

Part (c): Given A = 10 SI Unit and a point P is (Im, 1m, 1m). i.e. x = 1m, y = 1m and z = 1m.
Therefore electric field at P, with the given data EP =10 ((1 +DiI+A+D)j+0+ 1)]?) =
Ep=20(i+j+k)=20xV12+ 12+ 12 x # = Ep = 20v/37.Thus magnitude of electric
field using principle of SDs is 20v/3 = 35 N/C is the answer.

Thus, answers are (a) MT?I"'  (b) —A{i(y +2) +j(z + x) + k(x+ )} (e)35N/C.

N.B.: Part (b) of the illustration requires clarity of partial derivative of a vector, a part of Vector Calculus.

This being an exclusive topic is being skipped in illustration

Q-7 | Some equipotential surfaces are shown in figure. b
What can you say about the magnitude and the %T v wy H@y AV aEy
direction of the electric field? ‘ m/’? 0/4 35’4 m/ﬁ E o
o0 W
ELRCS
A-7 (a) 200 V/m making an angle 120° with the X-axis
(b) Radially outward, decreasing with distance as E = r% V/m
I-7 | In the given figure two sets of equipotential surfaces are shown — A) Plane surfaces and (b) spherical

surfaces.

Using the basics two important considerations are (a) relation between electric potential and electric field

is AV = —E - A7 ...(1), and (b) electric field is always perpendicular to the equipotential surface in a
direction from higher potential to lower potential. Applying these two consideration to each of the two
given sets of surfaces —




Set A: Equipotential surfaces are uniformly spaced.
Therefore, taking points A and B on surfaces of T
potential 10 V and 20 V respectively AV = y &/‘/'ﬁ B/(f /(f //‘? -
(20 —10) = —E(r, — 1) cos 120° = 10 = —E(0.2 — : 30 30 x(cm)
10

p(om)

0.1)(—05)=>E = = 200V/m inclined at 120" c

to X-axis is the answer

Set B: In this case surfaces are though parallel but they are spherical and therefore electric field will not
be uniform in the space between two spherical surfaces. Further observation of the figure reveals
that with the increase in the radius of the spherical surface potential is decreasing. Therefore,
electric field is radially outward with charge causing the electric field at the center of the sphere.

In such cases V = 4712 = Vr = Cont....(2). Using (2), spacing of the electric field is to be

ol

verified. Three surfaces V; = 60 V, V, = 30 and V3 = 20 V whose radius of
curvature are rV; = 0.10 m, r, = 0.20 m and 3 = 0.30 m. And we see that
Viry = Vory, = Vary = 6 Vm...(3) Hence, using (2) again, the premise that the
equipotential spherical surfaces are caused by a charge Q =Vr X
4tey ... (4). Accordingly, electric field at a distance r from O, the center of
curvature of the concentric spherical surface, as per Coulomb’s Law is E =

€ __ ..(5). Combining (4) and (5), E = Z2X2%% — YT (6). Combining (3)

4EgT2

and (6), E = gV/m, is the answer, radially outward.

41E(T? r2

Thus answers are (a) 200V/m inclined at 120° to X-axis is the answer (b) g V/m, is the answer, radially

outward.

N.B.: This questions has mix of two problems of same nature, but with different nature of equipotential
surfaces. But, approach to solution requires identical basic concepts.

Q-8 | Two identical particles each having a charge 2.0 x 10~* C and mass of 10 g are kept at a separation
of 10 cm and then released. What would be the speed of the particle when separation becomes
large.

A-8 | 600 m/s

I-8

Given that equal charges are of magnitude ¢ = 2.0 X 10™* C, having F, ‘_@ @_., 7.
mass m = 10 X 1073kg are separated by r; = 0.10m. Potential .

energy of two charges at a separation r is PE, = V,.q = PE

( 1 ) q. Therefore, initial potential energy would be PE,, = . When charges are separated at r >

4megr 477.’80

= 0. Therefore, APE = PE, — PE,, = APE = 0 — @ __ (1)

4ATEYT | 411:£0rl

then PE, =

4meyT >

As per principle of conservation of energy, as system undergoing changes under internal forces AU = 0 =
AW + AKE = AKE = —AW. On its integration KE = —W ...(2). Both the charges, having equal mass, are at
initially at rest, and are experiencing equal and opposite forces. Therefore, will acquire equal velocities in

direction of forces acting upon them, their total kinetic energy would be KE = 2 X (% mvz). ..(3).

Combing (1), (2) and (3) 2 x (3mv?) = — (= ("X‘*)rli) S = q( e X mlri)

4TE

. . . _ 4 5 T _
Using the data given in the problem v (2.0 x 10 )(\/(9 X 10 )X—(10X10_3)x0.1> > v (2.0 X

107%)(3 x 10°) = v = 6.0 x 10*m/s or 600 m/s is the answer.




N.B.: This problem can also be solved by using general expression of electric force, which is
function of separation r, determining work done electric field, instead of direct use of general
expression of potential energy of charges. But, that ignores concept of PE, gained and is less
correct.

Q-9

Two particles have equal masses of 5.0 g each and opposite charges +4.0 X 107> C and —4.0 x 107°C.
They are released from rest with a separation of 1.0 m between them. What would be the speed
of the particles when separation is reduced to 50 cm?

A-9

54 m/s for each particle

I-9

Given that two charges are of magnitude q; = 4.0 x 107> C and q, = -
—4.0 x 107> C having mass m = 5 X 10~ 3kg are separated by r; = @_..r e
1.0m. Potential energy of two charges at a separation r is PE, =

V.q = PE, = ( 1 )q2 = 112 Therefore, initial potential energy

4megr Amegr
q19>

. Therefore,
Amegry

would be PE,; = 1192 When charges are separated at 7y = 0.50 m, then PE, ;=

4megr;

APE = PE,, — PE, = APE = -4 _ Gl _ 0id: (l—l)...(l)

Amegry  4TEQT; dmeg \1f Ti

As per principle of conservation of energy, as system undergoing changes under internal forces AU = 0 =
AW + AKE = AKE = —APE. On its integration KE = —PE...(2). Both the charges, having equal mass, are
at initially at rest, and are experiencing equal and opposite forces. Therefore, will acquire equal velocities in

direction of forces acting upon them, their total kinetic energy would be KE = 2 X G mvz). ..(3).

: 12y [ L h%h(l 1 [t (1_1
Comb1ng(1),(2)and(3)2X(va)— <4n80>< L (rf rl—)>=”"< J4ﬂ€0x L x(n rf))

s\ -5
(4'0X105X)1<0:0X10 ) X G — %) . It leads to

Using the data given in the problem v = \/ (9 x 10%) x

v= % = v = 54m/s is the answer.

N.B.: This problem can also be solved by using general expression of electric force, which is
function of separation r, determining work done electric field, instead of direct use of general
expression of potential energy of charges. But, that ignores concept of PE, gained and is less
correct.

Q-10

Two particles A and B having opposite charges +2.0 x 107° C and —2.0 x 107°C are placed at a
separation of 1.0 cm.

(a) Write down the electric dipole moment of the pair
(b) Calculate the electric field at a point on the axis of the dipole at 1.0 cm away from center.

Calculate the electric field at a point on the perpendicular bisector of the dipole and 1.0 m away from the
center.

A-10

(@) 20x1078Cm (b) 1.3 x 108 N/C (c) 180 N/C

I-10

The two opposite charges of magnitude g = 2.0 x 107° C placed at A and B are separated by d = 0.01m
as shown in the figure. Taking each part separately —

Part (a): Electric dipole moment is P= qdt...(1) Therefore, its magnitude using the available data in (1)
we have P = (2.0 X 1079)(1.0 x 1072) = 2.0 x 10~ Cm is the answer.




Part (b): Electric field at a point P on the axis of the dipole, which

passes from its midpoint O and is perpendicular to AB, as A q
1

per Coulomb’s Law is E = 4n§or2 f. Here,FgO =9 x 10°. A Toa — _ N % E ”
Accordingly, two charges of the dipole would produce :i_ B Th‘“ ;
= +q 2 -4 53 . R —
E, = yr AP and Eg = pr BP as shown in the figure I E . — P
and both the field are symmetrical about perpendicular to Y
axis OP. Therefore, their components along j would be B +q
equal and opposite cancelling each other. Whereas, their
. - _ - - _ N _ Zq
component along axis P would be E =E4 + Ep = amegr? €08 0]j=E= amegr? COS 0...2)
. d\? . d .
Here, from given datar = [x? + (E) and sin @ = £ = ———. Thus final form of (2) is
T oax x2+(g)
2q d 1 qd . .
E = X s=>FE = X 5 ...(3). Using the available data F =
41E a2 4TE a2
2 2+(2)) (Jx+(®))
-6 -2
(9 x 10%) x (20x107%)@0x107) 18 > = 1.3 x 108 N/C is answer of part (b).

(J<><—)> (B2

Part (c): In this part all other parameters remain the same as in part (b) except that x = 1.0morx »> d =

3
2 2
x? + (%) ~x? = < x2 + (2) ) = x3 . Accordingly, (3) approximates to E =

1 qd

X —.
2 amey  x3
(2.0x1076)(1.0x1072 )

13

Thus using the available data E = (9 x 10°) x = 180 N/C is answer of

part (c).
Thus answers are (a) 2.0 x 10°8Cm  (b) 1.3 x 107 N/C (c) 180 N/C.

N.B.: Part (b) and (c) are identical except value of x, in part (b) x = d and hence approximation
is not done. But, in part (¢) x > d and leads to approximation. It is a very explicit case which
emphasizes that conceptual approach is more error proof, while use of direct formula may incorporate
approximation which may not be valid in specific problem, and thus lead to wrong answer.

Find the magnitude of the electric field at the point P in the configuration P p P
shown in the figure for d > a. Take 2qa = p. ' t t
[ [ I
d d d
[ [ [
: - : ~1 - [ ~iT
r  rfeaTes ellpaThs
a -d i T I o
AL (@ s Ot © —

4TEHA? 4mEyd3 4mEyd3




I-11 | Taking each case separately-
En
Case (a): It has a single charge and, therefore, as per Coulomb’s Law, magnitude of the — _ P \ P
. . q . A
electric field is E = Imegd? |S Answer of part (a). » !11
Case (b): It is case of a dipole where d > a, and distance of point P from charges is r = p E
d? + a? = r = d. Here, as shown in the figure, as per geometrical symmetry sl
resultant of fields E, and E_ along OP is zero, however, electric field at P parallel .f; o T;f.
- +g
tolineq, and q_ isE = E, sinf + B, sinf = —I—x 2sinf.Itleadsto E =~ @
0
q 2a _ 2aq . . _ _ p .
el X—= E = pr—s It is given that 2qa = p, therefore. E = Tmedd is I
answer of part (b). IP
Case (c): Net electric field at P due system of charges as shown in the figure £ = E, — . f!ﬁf
_ q _ q _q _ d 5y
2E_cos@. Here, E_ = @) — ameed?l Ey = and cosf = Nrovoia ; &1‘
cos 0 = 1|454. Accordingly, E = el 47[:0[12 X1=-— 4n:0d2 is the answer of 2{2‘ J*,;,;r“
part (c). P
Q-12 | A small plane area is rotated in an electric field. In which orientation of the area is the flux of the electric
field through the area maximum? In which orientation is it zero?
A-12 | () Aplmax at @ = 0 and (b) Ap = Oata =+7
I-12 | As per Gauss’s Law flux out of a surface area s per Gauss’s Law flux
out of a surface area A¢p = E.AS. Here, AS is small surface-element, it
is vector quantity of magnitude AS
and direction perpendicular to the
the elemental surface area as shown
in the figure and E is the electric field at AS, while total flux Agisa
scalar quantity of magnitude A¢p = EAS cos a, where ais the angle
between vectors E and AS.
In the instant case a small plane of the area AS is being rotated in an electric field E , which are constant,
and it is required orientation @ when flux through A¢ is maximum and minimum. Maximum value of
A¢ is when cos a|,—¢ = 1 and minimum value of A¢ is when cosa|,_,= = 0 or A¢p = 0
-2
Thus answers are (a) A |yax at @ = 0 and (b) Ap =0 ata = i’z—r
Q-13 | A thin, metallic shell contains a charge O on it. A point charge ¢ is placed at the center
of the shell and another charge ¢ is placed outside it as shown in the figure. All the three
charges are positive. The force on the central charge due to the shell is —
Towards left ~ (b) Towards right  (¢) Upward (d) Zero “
A-13 | (b)
I-13 | It is required to determine force experienced on charge g placed at the center of thin spherical shell. All

the charges are given to be positive. The problem is solved in two phases an then direction of the net force
on q is determined using superimposition principle as under-




Phase I - Electric field at g due to charge Q: Consider a Gaussian surface A around the charge q. Since
the charge The Q is outside A hence clectric field at A would be E; = 0. Therefore, force on charge g
would be F{ = E1q...(1)

Phase II — Electric field due to spherical shell due to charge q: The charge g; would electrostatically
induce charge (—gq;) on the part of surface of the shell facing the charge q;, this area would be enclosed
in conical cap tangential to the spherical shell whose boundary is depicted by tangents on sphere drawn
from q,. While the remaining part of the spherical shell will have (4+q;) charge. Thus, based on induced
charge on the spherical shell a Gaussian surface B is y=taken enclosing the charge q; and induced charge
(—q1) - Net charge inside B is q; + (—q4) = 0, hence electric field at
B caused by charges inside B is zero. But, the induced charge (+q;)
on the remaining part of the shell is on the left of charge g and is
symmetrical about the line X-X’ passing through charge g. Therefore,
by geometrical symmetry it will produce electric field E, at g directed
towards right. Therefore, force on charge g due to shell, eventually
charges on the shell willbe F, = E»q ...(2), will be directed towards
right.

Superimposing analysis in phase I and phase II ne force on charge q due to charge on shell would be
obtained by combining (1) and (2) F = F; + F, = 0 + E,q = E;q in option (b) is the answer.

N.B.: It is a good case of superimposition of electric field.

ER.

Q-14 Figure shows an imaginary cube of edge % A uniformly " gl 3 @
charged rod of length L moves toward left at a small but Fl & ‘;:\\ /\*(Q:
constant speed v. At t = 0, the left end touches the center iy sy ;";} gy
of the face of the cube opposite it. Which graph shown = .
in the figure represents the flux of the electric field
through the cube as the rod goes through it?
A-14 | (d)
I-14 | In the given figure the charged rtod is passing through an imaginary cube withat a constant speed.. The

cube in this case is like a Gaussian surface. As per Gauss’s Law

R L
p=¢E-ds= 82...(1), here Q is the amount of charge inside the g = —pl

0
Gaussian surface. It is given that charge on the rod is uniformly A . i B
distributed and therefore charge per unit length of the rod is g = |
g. .(2). The problem is analyzed in Five states as under — |
L ekt S
State 1 at = 0: End A of the rod, while being outside the cube, is Q P
touching the center of its surface P as shown in the figure. Since At £=0

there is no charge inside the Gaussian Surface i.e. cube, hence the

flox through surface of the cube is ¢y = i—q = 0.
0




Stage 2 during 0 < t < t5: Rod is moving through the cube (i.e. entering it) and is short of touching

surface Q such that end A of the rod is ion-between face P and Q. Since, size of the cubical box is %, for
L

the rod moving at a constant speed t, = % =>t, = % ..(3)Further, charge at any time inside the Gaussian
surface is q; = (vt)q .(4). Combining (1) (2) and (4), flux through the box

) L :
will be ¢y =+ = ¢, = lx(vt)q = ¢, = t = ¢ oct,since, Q.v,Land & Lg == —p

are constant. It 1mp11es that durlng this perlod flox throgh the cube is increasing ;1 2
linearly.

Stage 3 during t = t,: At his instant End A of the rod touches face Q of the

cube and at P is the mid point of the rod. Thus half of the length of the rod is -+

inside the cube. Therefore combining (1) (2) and (3) flux through the cube  Q P
1><(vt2)q L _Q _Q At

B
|
|
z
E _—
=

Stage 4 during t, < t < t3: Rod is moving through the cube (i.e. coming out of it). During this period
end B of the rod moves from face P towards face Q and is short of

. I .
leaving the face Q. Using the discussions in stage 2, length of the g == —
.. . _ ﬂ 17
rod inside the cube reduces linearly. Therefore, ¢, = el t= A <
$p < — I
Stage 5 during t = t3: At his instant End B of the rod will be :+ I T
touching face Q of the cube charge inside the cube g; = 0. Hence
at this instant electric flux throgh the Atr=r P
® d_ cube as per (1) would be ¢p; === 2
= f;|— '|\\ o
f.f [ | \\ ¢)3 = 8—0 = 0 .
/ l | A
/ [ | \\ _ This kind of variation of flux through the cube is characterized only in graph
0 4 . 5Time (d)the answer.
Q-15 | A charge q is placed at the center of the open end of a cylindrical vessel as shown in the @
figure. The flux of the electric field through the surface of the vessel is :
q q 2q
Zero  (b) . (©) e (d) P
A-15 | (¢)
I-15 | Charge q is placed at the center o the opening of a cylinder C as shown in the

figure. A Gaussian surface combining S and S’ encloses charge g and is
symmetrical about it. Therefore, electric field at the two surfaces. would be radial
and equal in magnitude at every point on them |Es| = |§S, | Moreover their areas
AS = As,

Thus, as per Gauss’s Law ¢ = $E-dS = [Eg-dS+ [Eg - ds’ = Ei. According
0

to the discussions above, ¢ = [Eg-d3+ [Eg -ds’ = ¢ = pg + 5, = 205, =
a q

; = ¢Sl 220'

The surface S’ together with the surface C form a closed Gaussian surface within which no charge. Therefore
as per Gauss’s Law ¢, + ¢ = % = ¢ = —¢g,For this combined new Gaussian surface (-)ve sign

0
is assigned to flux entering it and therefore conversely flux leaving the surface would be (+)ve. Thus

taking ¢g,, as per sign convention ¢, = — (— ;) ¢c = 260’ is the answer as per option (c).
0




Q-16

An electric dipole is placed at the center of a sphere. Mark the correct options —

(a) The flux of the electric field through the sphere is zero
(b) The electric field is zero at every point on the sphere
(¢) The electric field is zero anywhere on the sphere

The electric field is zero on a circle on the sphere

A-16

(a), (c)

I-16

The given problem is conceptualized in the figure shown. As per Gauss’s law, ¢ =
) E.ds = gi where is the flux through a closed surface, ¢ E.d3 s the surface integral
0

of electric field E along the surface vector dS, and q is the net electric charge
enclosed inside the surface. Here, sphere acts like a Gaussian surface, and it is
enclosing a dipole. whose net charge is Q = +q + (—q) = 0, while surface area of
any sphere is non-zero. Therefore, ¢ = 0 as provided in option (a), and it is
correct.

Further, assuming any other Gaussian surface inside the sphere, enclosing the
dipole, electric field at any point on it would be zero as per Gauss’s Law. It makes option (c) as correct.

Hence, answer is options (a) and (c).

N.B.: In the figure distance d between charges of dipole is small as compared to the geometry under
consideration. But, it could not be shown in the figure due to visual clarity.

Q-17

The electric field in a region is given by E= %Eoi + %on with E; = 2.0 X 103N/C. find the flux of this

field through a rectangular surface of area 0.2 m?parallel to Y-Z plane.

A-17

240 Nm*C"!

I-17

Equation of a surface area A = 0.2 m? parallel to Y-Z plane is A = Ai. Given that E = %Eoi + %on where

E, = 2.0 x 103 . Then as per Gauss’s Law flux through the area is ¢ = gﬁﬁ ds = (g Eot + %on) Al >
¢ = ZEgA(i-1) + 2 EoA(i - J) = ZEoA. Thus using the given data ¢ =2 (2.0 X 10%)(0.2) = 240
Nm2Cis the answer.

N.B.: Illustration has been developed in a pure mathematical manner without a supporting figue to
catalyze visualization of concept among reader.

Q-18

The electric field in a region is given by E= E(l’—xi. Find the charge contained inside a cubical volume

bounded by surfacex = 0,x =a.y =a.z=0and z = a. Take E, =5 X 103 N/C,l = 2cmand a = 1
cm.

2.2 x 10712C




I-18 | Charge inside a region as per Gauss’s Law is SBE ds = =
Eio...(l) The region has been specified by a cubical surface E‘“C 1_’0;0;:} Fl0.a.a)
and as shown in the figure. Area of the surfaces enclosing the A # b E g
region are A; = (AEGD),, = a?, A, = (AEGF),, = a?, Dlata ./~ el A A
A; = (COBF),, =a?, Az = (AOCD),, =a?, A, = o Tl
(EBFG),, = a?, As = (DGFC)y, =a? and  Ag = P iy v e : Bl0.20)
(AEBOF),, = a?. » 1 _U'm;9= ¢/ Y-mis
L B Alaoof ) |
It is given that E = %i. o T Elaad)
& laa
4
Thus, using (1) <= [2%5((A; + A0+ (A3 + A,)] +
0
(s + 4p)F)]-...(2)
Using the magnitudes of each surface area of the cubical volume in (2) with the corresponding DOT
products £i= E‘l’—x(Al +A2)]...(3). Using values of x corresponding to A; and A, as a and 0
0
3
respectively. Thus, (3) gets transformed into Ei = [% (axa?+0x az)] =>q= EOETOa Using the
0
-12 3 -2)3
available data g = (8.85x10 )(XZ(XSIZI_OZ))X(MN ) 5 q = 2.2 X 10712 C is the answer.
Q-19 | A charge Q is placed at a distance % above the center of a horizontal, square surface T
of edge a as shown in the figure. Find the flux of the electric field through the al
square surface. '
o
A-19 | &
6£o
I-19 | Given system is shown in the figure. Where, charge @ is placed A . A
at P(0,0,g) and the given surface ABCD is along j. Consider o -2-Zp I# P‘:‘ 0.0, :

an elemental area at R(x, y, 0) of size AA = (Ax x Ay)(—)).
..(1). Electric field at the point shall be along PQ such that E R =

2
N - — A — 2 2 E)
e, r? t...2) Herey =17 =r Jx +ys+ (2 ..(3).
Therefore, flux through the surface ABCD as per Gauss’s Law

isp = f_gg ( f_%%ER -ﬁdx) dy...(4).

Using (1), (2 and (3 in (4 =

a a a
Q f; f; cosa dx | d _ _ Q _ 2 _
— —_— y...(5). Here, a=+«0PR and cosa = = —%—> cosa =
4me _g( -5 <x2+y2+(§)2) OR x2+y2+(—)2
a .. Q = = 1 a
———..(6). Combining (5) and (6) ¢ =—— [%| [% — X dx |dy = ¢ =
2x [x2ay24(2)’ ameo =5\ "2 (202 +(©)) T ax [rzeyes(2)

a
2

a
(7| [

ome, 2| Ja zdx |dy =

2 z (x2+y2+(%)2>2

a
a 2 1
a

,Tz f_Eg(I) dy...(7). Here,I = [?
° 2

3 dx is the inner integral.

’ 2 (x2+y2+(%)2>2




a 2
For solving I = [% ! sdx a substitution is made p? =y?+ (g) and x =ptanf = x =

2 ()c2+3/2+(%)2)E .
psect0dd We have [I=[%
2 (pz tan® 6+ pz)

psec29d0—p2f2 zfz cosfdf =

3
2

NIQ

tanf x
VittanZ6 (\/x2+p )

7 [sm 9]7 We know that sin8 = This leads to I = =

@

J_] (o

(_%) 2a e 2a 8a
—==—| = | = ————— Substituting p we have [ =-— =>1= =>1=
(-9)+r? p?x |a?+4p? (& :az)x [4y*+2a2 (4y2+a2)><\/4372+2a2
42a
(4y2+a2)x\/2y2+a2
Using expression of I in (7) we have ¢p = 4\/_‘1 ¢z ((4 " 2)1 Tovira? )dy. Instead of taking this expression
—3 \(4y?+a?)xy2y

as an integral of product of two functions a substltutlon is made \/_ 2y = a tang = V2dy = asec? p do,
_ +2a%Q = 1 asec? 24 sec @
we have ¢ =-"- f_za( ) = fz ( ) dp. We know that

— \a?(2tan? @+1)xasec @ V2 2 sec2p—1
sec?@ = 1+ tan?p = 2tan® @ + 1 = 2 sec?¢ — 1. Thus, an fz (2 ::;z_l) do = ¢ =
2 m Q 2(cos<p) _ 2(cos<p)
— f__( )d(p It solves to ¢p = f Teosty) A9 2 b = r— o ———)do.
o cosz<p
a
2 sdt. At this stage standard
2me, -2 14t

Substituting, sing =t = cos @ dp = dt. Accordingly, ¢ = —> [
2

integration f dt =tan"!tisused. Itleadsto, ¢ = . [tan~! ¢]? .. Here, limits are for initial variable
° E
y in (5).
vzy
Hence, doing reverse substitution tan~!t = tan~'(sin¢) = tan™! (ﬂ) =tan ! ——= | =
’ V1+tan? ¢ 14222
a2
V2 a \|F V25
1 2y . _ @ 1 2y \|? __0 -1 %
vy = = ¢ =— —2 |-
tan ( W) Accordingly, [0) p— [tan ( W)]_E ) p— tan () =
2 2
vz2(-&
—c
a2+2(%)
a v2(-2
It leads to ¢ = ——|tan™? 2 + tan™? (—2) >¢= an‘l(i)=np= ¢ xIsg=
2me, 2,22 2.,.(Q\2 2me, V3 2me, 3
a +2(E) a +2(E)

Q .
—, is the answer.
65y

N.B.: This has become an intensely mathematical solution. It could have been solved using Gauss’s Law and make
it worth an objective problem. Therefore, for the problem being subjective full length analytical illustration has been
made. Thus, indispensability of mathematical proficiency in handling problems on physics I unique problems has
been emphasized.

Q-20

Two large conducting plates are placed parallel to each other with a separation 2.00 cm between them.
An electron starting from rest near one of the plates reaches the other plate in 2.00 microseconds. Find
the surface charge density on the inner surfaces.




A-20

5.03 x 10713C/m?

1-20

Given the large conducting parallel plates plate having charge on their inner surface is
shown in the figure. Thus electric field at a point between the two plates due to plate A

having positive charge, as per Gauss’s Law, is EA = %ZA, here p C/m? is the charge
0
density on the plate. Charge on A would induce negative charge density (—p) C/m? and as

a result electric field at the point EB = (2_—:) (-2) = ZLZA Therefore, force on a electron
0

+
+
+
i

'

+
L o
+
+

carrying charge q = —1.6 x 10719 is F= q X (EA + EB) z Accordingly, as per

>

Newton’s Second law of motion the particle will experience acceleratlon a= % = Ez ...(1), herem =
0
9.1 X 1073kg and ¢, = 8.85 x 10712,

Further, given that an electron is projected from a plate towards another plate at a separation d = 2.00 X
1072 m, with a velocity u m/s such that it reaches the another plate i.e. v = 0 in t = 2.00 x 10~°. With
this system shown in the figure, it can be only when electron is project with velocity % = uZ and d acts
as retardation. Thus, as per Third equation of motion v? = u? + 2ad = u = /(—2ad). Since, U = uz
and d = a(—Z%), algebraically, u = v2ad. Further, as per First Equation of Motion, v = u 4+ at = 0 =

u+at=+v2ad=—-at=>a= Zt—‘zi...(2).

Combining (1) and (2), ﬂ=2=>p=2dmg°. Using the available data p=

mey,  t? qt?

2x(2.00x1072)(9.1x10731)(8.85x10712)

PTG YTy = 5.03 x 10713 C/m? is the answer.

N.B.: This problem is a good example of integration of multiple concepts.

Q-21

Three identical metal plates with large surface area are kept parallel to each other as shown
in the figure. The leftmost plate is given a charge Q, the rightmost a charge -2Q and the
middle remains neutral. Find the charge appearing on the outer surface of the rightmost
plate.

A-21

N | Q

I-21

The given system of identical metal plates is shown in figure two stages. 0 20
Taking first stage with the two charged plates and excluding the middle plates

which is electrically neutral. The plates being metallic charge on it will get
distributed on their surfaces. The two surfaces A and B of the left plates

|
rqlgE) i
=0 ._w
2l
T
&6
T g
s}

carrying charge will have charge densities py = :—j and pg = ;—j and the two

surface C and D of right plate will have charge densities pc = 22 = =% and

20_ -0 24 A
POD=%0 T2
Now, when middle, electrically neutral plate is introduced as shown in the figure. It will have induced
charges say —q and +q on its each of the two surfaces E and F, to maintain its electrically neutrality,

which are electrically opposite to the charge on the inner surfaces B and

20 .

i ls ¢ o C such that charge densities are pg = Tq and pp = % respectively. This

(+o-q)| | 2 (-g)| |-22+4) will result in redistribution of charges on surfaces A leading to surface
N E||F

(-q) (=q) charge densities p, = (Q 2) and pg = — such that net charge on the

plate remains at +@Q. L1kew1se, surfaces C and D will be densities p¢ =

_7 and pp, = # leading to net charge on itto —2Q.




Next step is to determine electric field at point P, due to each of the surface, which as per general equation

of Gauss’s law is E = gﬁ, where p is the charge density of the corresponding surface. It is independent of
0

+(Q-9) P

its distance from the surface. Accordingly, Ep= A=
20+ 2 R
( Q q) ( ) (2Q OCI) 2

EB— EC:—( Z)— ZED—
0
, Eg = %ZA and Ey = :Tq(—é) = ﬁz, a set of equations (2). In thls negative
0 0 0

s1gn w1th unit vector Z in E¢, Ep and Ef is indicative of direction of field at point P, due to respective
charge distribution. Likewise, E,, Eg and Eg are towards right i.e. along +Z.

Now a point P is taken inside the middle metal plate electrical field Ep = 0 ...(3) it is characteristic to the
metals. Thus using superimposition of electric fields due to each charged resultant electric field at point
P is Combing (2) and (3) we have Ep + Eg + E¢c + Ep + Eg + Eg = Ep...(4). Combining (2) and (3) in

@y 148 8E0, 201 _050+420--2¢=0=q=2Q..05

4) we have —
( ) Agg Agg  Agg Agg Agg  Ag

Accordingly, the charge appearing on the outer surface of the rightmost plate, as required to be
determined, using (5)is Qp = (—2Q +q) = ( 2Q += Q) —= 1s the answer.

N.B.: Surfaces B and E, and F and C are acting like pair of capacitor plates having equal and opposite
charges remaining charge on the two charged plates appear on surfaces A and D.




