30. Gauss’s Law

Short Answer

1. Question

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?

Answer

The flux of electric field through an area is defined as the number of field lines that
pass through that area in the direction of the electric field.
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In mathematical terms,
Flux ¢ = [ E.ds
Where,

E = electric field vector,
ds = small area element.

Now, ds = nda, where n is the unit normal in the direction of the area, and da is a
small area element.

By the law of dot product in vector calculus,

E.ds = |E||ds|cos 6,

Where 0 is the angle between the normal to the area and the electric field.
|E| = magnitude of electric field vector,

|ds| = magnitude of small area element.

Now, the flux is maximum when cos 6 = 0 or 180°, since cos 0 or cos 180° = +1 or -
1.



In this case, the flux will be |E||ds|. In all other cases, the flux will be less than this.
The flux is minimum when cos 90°, since cos 90° = 0.
®=|E||ds| cos(90°) =0

Thus, when the unit normal vector perpendicular to the direction of the electric
field the flux is ZERO.

2. Question

A circular ring of radius r made of a non-conducting material is placed with its axis
parallel to a uniform electric field. The ring is rotated about a diameter through
180°. Does the flux of electric field change? If yes, does it decrease or increase?

Answer

No, the flux will remain the same.
We know, Flux = «]» / E.ds

Where
E = electric field vector, ds = small area element.
Now, ds = n.da,

where n is the unit normal in the direction of the area, and da is a small area
element.

By the law of dot product in vector calculus,

E.ds = |E||ds|cosB

Where

0 is the angle between the normal to the area and the electric field.
|E| = magnitude of electric field vector,

|ds| = magnitude of small area element.

In the first case, since the axis of the ring is parallel to the electric field, the angle 6
between the normal to the surface is 0°, since the normal is parallel to the axis.

When 6=180°
®=|E||ds| cos(180°) =|E||ds| (-1) =-|E||ds]

Therefore, the flux is just |E||ds|. When it is rotated about its diameter by 180°, the
normal just rotates by 180°, and thus the angle changes to 180°. The flux becomes
negative, but its value remains the same.

3. Question



A charge Q is uniformly distributed on a thin spherical shell. What is the field at
the centre of the shell? If a point charge is brought close to the shell, will the field
at the centre change? Do your answer depend on whether the shell is conducting or
nonconducting?

Answer

If we consider a thin spherical shell, then all its charge is concentrated in the

. ) .1 .
centre. According to Gauss’ law, the flux through a closed surface is —time the
Q
charge enclosed.

flux through the closed surface,® = [ E.ds = 2

o
where

€ is the electric permittivity of vacuum,

E = electric field,
ds = surface element,
q = charge enclosed.

Now in this case since all the charge is bound to the surface, the charge enclosed
by the sphere (at the centre) is 0.

Hence,

¢ =[E.ds = 2 — 0 and hence the electric field is also 0.

o

If a point charge is brought close to the shell, the charge enclosed the sphere will
still be 0. Hence the field inside the sphere will still be 0.

The flux will remain 0 if the shell is conducting, since in a conductor, the charge
always remains on the surface.

Thus, for a non-conducting shell, there might be some charge induced inside, due to
which the electric field might change.

4. Question

A spherical shell made of plastic, contains a charge Q distributed uniformly over its
surface. What is the electric field inside the shell? If the shell is hammered to de-
shape it without altering the charge, will the field inside be changed? What
happens if the shell is made of a metal?

Answer

The charge Q is uniformly distributed over its surface, according to Gauss’ law,
¢ = [E.ds =2



E = electric field,
@ = electric flux flowing out through the surface

ds = surface area element, q = charge enclosed, €( = electric permittivity in
vacuum.

Here, the charge enclosed inside the shell is 0, since the electric charge on the shell
is accumulated on the surface of the shell and so the electric field inside the shell
will also be 0 since q in Gauss’ equation is 0.

Even if the shell is hammered to reshape it, the charge is not altered, it still there is
no charge inside in the center of the shell. Hence, the electric field will remain zero
inside the shell even after the reshaping the shell.

Even if the charge is made of metal, the field inside will remain 0 since the charge
remains on the surface.

5. Question

A point charge q is placed in a cavity in a metal block. If a charge Q is brought
outside the metal, will the charge q feel an electric force?

Answer

Metals are conductors of electric charge, the charge placed in metal will always
collect on the surface of the metal. However, it has an electrostatic shielding effect.
That is, any charge in a cavity inside the metal block will be completely isolated
from the outside world. This is because, if we take a Gaussian surface surrounding
the cavity, the charge enclosed is zero. By Gauss’ law,

¢ = [E.ds =—

o

)

Where

¢ = electric flux, E = electric field, ds = area element, q = charge enclosed, €;=
electric permittivity of vacuum.

Here, q = 0 since the charge inside a conductor is 0. This justifies why the cavity in
an external electric field will be completely shielded or isolated.

There will be no lines of force that can penetrate into the cavity. Therefore, even if
a charge Q is brought outside the metal, the charge q inside the cavity will
experience no force. Since charge distributed on the surface hence total charge will
be on the surface is q+Q.

6. Question

A rubber balloon is given a charge Q distributed uniformly over its surface. Is the
field inside the balloon zero everywhere if the balloon does not have a spherical
surface?

Answer



If the balloon does not have a spherical surface, the charge enclosed by the surface
still remains O since the charge Q is distributed only over its surface. Hence, by
Gauss’ law,

¢ = E.ds =~

£q

where € is the electric permittivity of vacuum,

&= flux through closed surface, E = electric field, ds = surface element, q = charge
enclosed.

Here, q(charge enclosed) = 0. Hence, the flux is 0, which give us that the electric
field is also 0 everywhere.

7. Question

[t is said that any charge given to a conductor comes to its surface. Should all the
protons come to the surface? Should all the electrons come to the surface? Should
all the free electrons come to the surface?

Answer

A property of conductors is that all the free electrons come to its surface. We can
explain this in the following way. If there was any charge inside the conductor; it
would create an internal electric field. To compensate for that, an equal electric
field would be created in the opposite direction to cancel out its effect. In this way,
the inside of the conductor is absent of any free charges.

These are the free electrons that are responsible for all electrical phenomenon, so,
if a conductor is a negative charge the free electron come to the surface of the
conductor. If the conductor is given a positive charge, electron move away from the
surface and leave a positive charge on the surface of the conductor.

Objective I
1. Question

A charge Q is uniformly distributed over a large plastic plate. The electric field at a

point P close to the centre of the plate is 10 V m™1. If the plastic plate is replaced
by a copper plate of the same geometrical dimensions and carrying the same
charge Q, the electric field at the point P will become

A. zero
B.5Vm!
C.10Vm?!

D.20Vm1
Answer

A large plastic plate and copper plate is an example of infinite long plates.



As we know,

The electric field due to infinite long sheet is E = i
Q

Where
o is the surface charge density of the thin conducting sheet

€ is the permittivity of the free space

The electric field due to the plastic plate is 10 Vm™1

Thus, the electric field for the copper would be same as that of the plastic plate.

The electric field of the copper plate id 10 Vm™1
2. Question

A metallic particle having no net charge is placed near a finite metal plate carrying
a positive charge. The electric force on the particle will be

A. towards the plate

B. away from the plate
C. parallel to the plate
D. zero

Answer

The metal plate carries a positive charge; it will induce an equal and opposite
negative charge on the metallic particle following the law of electric induction.
Hence, since electric field lines move from negative charge to positive charge, the
force will pull the particle towards the plate.

) Megative charge is induced.
Positive charge on the

plates induces negative
charge on the particle,
which attracts it towards
the plate. l
+
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Thus, option A is the correct option.

3. Question



A thin, metallic spherical shell contains a charge Q on it. A point charge q is placed
at the center of the shell, and another charge qq is placed outside it as shown in the

figure. All three charges are positive. The force on the charge at the centre is:

Q

Qe

A. towards left
B. towards right
C. upward

D. zero

Answer

Charge q; will only affect the outside charge Q. However, a charge can only induce

charge on the surface of the conductor, but not on any charge inside it. Hence, there
will be no force on the charge inside the conductor, g.

4. Question

Consider the situation of the previous problem. The force on the central charge due
to the shell is

A. towards left
B. towards right
C. upward

D. zero.
Answer

We know that electric field lines originate from a positive charge and terminate
towards a negative charge. Now, the charge Q outside will try to nullify the field
lines that emerge from charge q1, and hence, negative charge will be induced on
the face nearer to q1. This will induce positive charge on the farther face of the
sphere. Hence, a force acts on the central charge from left to right, that is, from
negative to positive.



lines of force
5. Question

Electric charges are distributed in a small volume. The flux of the electric field
through a spherical surface of radius 10 cm surrounding the total charge is 25 V. m.
The flux over a concentric sphere of radius 20 cm will be

A.25Vm
B.50 Vm
C.100Vm
D. 200 Vm.
Answer

Gauss’ law states that the electric flux through a closed surface is equal to 1/€0
times the total charge enclosed by the surface.

¢ = [E.ds = —

4]

)

where

@ = electric flux

E = electric field

ds = area element

q = charge enclosed

€( = electric permittivity of vacuum

Hence, the flux depends on the charge enclosed.

In this case, even though the volume of the sphere enclosing the charge is
increasing, the net charge enclosed inside it is remaining the same.

Hence, the electric field will remain the same = 25 V m. (Option a)

7. Question



Figure shows an imaginary cube of edge L/2. A uniformly charged rod of length L
moves towards left at a small but constant speed v. At t = 0, the left end just
touches the centre of the face of the cube opposite it. Which of the graphs shown in
figure represents the flux of the electric field through the cube as the rod goes
through it?

-

flux

Answer
Graph d
According to Gauss’ law,

We know, Electric flux = E.ds = q/€,

Where
q = total charge enclosed by the surface,

€o = electric permittivity of vacuum.

Now at t=0, the left end just touches the centre of the face of the cube opposite the
left face.

Initially, charge inside the cube = 0.
Hence, the graph starts from the origin.

Now when the rod is introduced inside, the charge inside the cube slowly increases
linearly, since the length of the rod going inside the cube increases, and qj,gige = Al,

where A = linear charge density of the rod, and |1 = length of rod inside the cube.
This indicates the rise in the graph.

When a length of L/2 is inside the cube, that is its maximum length is filled, then
the charge inside the cube is maximum, which will be L/2 times the total charge
carried by the rod.

As long as the inside of the cube stays filled with a portion of length L/2, the flux
remains constant, indicating the horizontal line in the graph.



Now when the length of the rod inside slowly keeps decreasing as the rod moves
out of the, the charge inside it slowly decreases which also leads to a linear
decrease in the flux.

Hence, the graph is completed with the straight line with negative slope until the
flux becomes O(rod is completely out of the cube).

8. Question

A charge q is placed at the centre of the open end of a cylindrical vessel. The flux of
the electric field through the surface of the vessel is

q

A.zero
B.q/€g
C.q/2¢
D. 2q/€g
Answer

Gauss’ law states the electric flux through an enclosed surface is 1/¢( times the
charge enclosed by the surface.

qﬁ:J-E.ds:i

€o
where
® = electric flux,
E = electric field,
ds = area element,
q is the charged enclosed,

€ is the electric permittivity of vacuum.

In this case, the surface is not closed, since we are considering the open end of a
cylindrical vessel. We construct another identical cylindrical vessel on top of it.

Gaussian surface
——— i — i
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Now, the charge enclosed by two of the surfaces is g.
Hence, the charge enclosed by only of the surfaces will be q/2.

Therefore, the net flux will be half of the total = q/2¢,.

Objective 11

1. Question

Mark the correct options:

A. Gauss’s law is valid only for symmetrical charge distributions.
B. Gauss’s law is valid only for charges placed in vacuum.

C. The electric field calculated by Gauss’s law is the field due to the charges inside
the Gaussian surface.

D. The flux of the electric field through a closed surface due to all the charges is
equal to the flux due to the charges enclosed by the surface.

Answer

Gauss’ law states that the flux through a surface is equal to 1/¢ times the total
charge enclosed by the surface(if the surface enclosing is in a medium other than
vacuum)

¢ =[E.ds =2

€q

where € is the electric permittivity of that medium.

Hence, the flux through the Gaussian surface will be due to charges enclosed by it
(option d)

2. Question

A positive point charge Q is brought near an isolated metal cube.
A. The cube becomes negatively charged.

B. The cube becomes positively charged.

C. The interior becomes positively charged and the surface becomes negatively
charged.

D. The interior remains charge free and the surface gets non-uniform charge
distribution.

Answer

The face of the metal cube closest to the point charge, when brought near to it, had
negative charge induced on it. This negative charge induces an equal and opposite
positive charge on its immediate adjacent surface in the interior. In this way, the



faces of the cube induce charges in the interior such that the total charge in the
interior becomes zero. The net charge is on the surface of the cube, and it has a
non-uniform charge distribution, consisting of both positive and negative charges.

Egual amount of positive and
negative charge on the inside of
the cube neutralises it, making the
net charge inside = 0,
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The surviving charge remains on the
surface, having a nen-uniform
distribution,

3. Question

A large non-conducting sheet M is given a uniform charge density. Two uncharged
small metal rods A and B are placed near the sheet as shown in figure.

M

A B

et )

A. M attracts A
B. M attracts B
C. A attracts B
D. B attracts A
Answer

The face of rod A which faces M will develop an induced charge on its surface,
equal and opposite to the charge on M. Hence it will attract A(option a).

Now on the far end of A, charge equal and opposite to the nearer end of A will be
induced, and this will induce charge opposite to M as before, on the nearer end of B.
Hence, B will have charge of same polarity as that on the nearer end of A, and will
be attracted by M(Option b).

A and B have opposite polarities of charges on the sides facing each other, and
hence they will attract each other as well(Options c and d).



m M attracts A

(_ B attracts A.
+_ A — B
S — S —
+ A attracts '(_
B M attracts B.

The attraction between M, A and B if M had positive charge.

4. Question

If the flux of the electric field through a closed surface is zero.
A. the electric field must be zero everywhere on the surface.
B. the electric field may be zero everywhere on the surface.

C. the charge inside the surface must be zero.

D. the charge in the vicinity of the surface must be zero.
Answer

Gauss’ law states that electric flux through an enclosed surface is equal to 1/¢
times the charge enclosed by the surface.

¢ =[E.ds =2,
=

where,

® = electric flux,

ds = area element,

q = charge enclosed,
E = electric field,

€, = electric permittivity of vacuum

Now, this law does not include the flux which is located on the surface. So it may or
may not be zero, even though the flux through the surface is zero(option b).

Since the flux through the surface is zero, by Gauss’ law, the charge inside the
surface must be zero(option c).

5. Question
An electric dipole is placed at the centre 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 of the sphere.



C. The electric field is not zero anywhere on the sphere.
D. The electric field is zero on a circle on the sphere.
Answer

A dipole consists of an equal positive and negative charge separated by a distance.
Hence, the net charge due to a dipole is 0. Since the sphere encloses the dipole, by
Gauss’ law,

qﬁ:J-E.ds:i
€

a

where

® = electric flux,

ds = area element,

q = charge enclosed,

E = electric field,

€ = electric permittivity of vacuum.

g(enclosed charge) = 0. Hence, flux = O(option a).

At any point on the sphere, the electric field is given by

E =

V1 + cos28, where
dmeyr?

p = dipole moment

r = distance of the point from the centre of the dipole

E = electric field

O = angle between the dipole and the line joining the dipole with that point

€ = electric permittivity of vacuum
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Hence, the electric field anywhere on the sphere is not 0, since cos26 cannot be
equal to -1(option c).

6. Question

Figure shows a charge q placed at the centre of a hemisphere. A second charge Q is
placed at one of the positions A, B, C and D. In which position(s) of this second
charge, the flux of the electric field through the hemisphere remains unchanged?

D» 8
¢ i i
A.A
B.B
C.C
D.D
Answer

As we know, the electric flux through a surface element ds is
& = E.AS = |E||AS cos 6
Where,

E is the electric field passing through the area

AS is the area element

0 is the angle between the area element and electric field

The point A and C lie in the straight line with the charge q,
While the points B and D make an angle 6 with the area element,

Thus, Electric flux at point A and C is

—

@ =E. AS = |E||AS|cos @ (6=0° for the point in the straight line)

@ = E.AS = |E||AS| cos 6 = |E||AS|

Hence, the flux of the electric field through the hemisphere remains unchanged
when second charge is placed at point A and C.

7. Question

A closed surface S is constructed around a conducting wire connected to a battery
and a switch. As the switch is closed, the free electrons in the wire start moving



along the wire. In any time interval, the number of electrons entering the closed
surface S is equal to the number of electrons leaving it. On closing the switch, the
flux of the electric field through the closed surface.

"
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A.is increased

B. is decreased

C. remains unchanged
D. remains zero
Answer

At any interval of time, the net charge enclosed by the surface S is zero, since an
equal number of electrons enter and leave the surface. So the charge enclosed is 0.

According to Gauss’ law, electric flux through a closed surface is equal to 1/¢
times the charge enclosed by the surface.

¢ =[E.ds =2

Eq

Where

® = electric flux

E = electric field

ds = area element

g = charge enclosed.

€o = electric permittivity of vacuum

Here,

Q (total charge enclosed by the surface) = 0.

Hence, flux of electric field is zero and remains unchanged.
8. Question

Figure shows a closed surface which intersects a conducting sphere. If a positive
charge is placed at point P, the flux of the electric field through the closed surface.
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A. will remain zero

B. will become positive
C. will become negative
D. will become undefined.
Answer

The conducting sphere will have a negative charge induced on the surface which is
closer to the point P. However, it will have equal positive charge induced on the
farther end by electric induction. Hence, by Gauss’ law, the flux through a closed
surface is equal to 1/€0 times the total charge enclosed by it.

c.*5==J-.-'E.'.ds=E

€p
E = electric field,

q = charge enclosed.

The charge enclosed by the closed surface will not be zero, but will consist of the
charge in the intersecting region of the sphere and the surface, which is positive.
Hence, the flux of electric field will be positive.

Exercises

1. Question

- 3_ - 4_-
The electric field in a regionis givenby E =— E_1+—E, j withEg=2.0 x 103N
5 0T g

C~L. Find the flux of this field through a rectangular surface of area 0.2 m? parallel
to the y-z plane.

Answer

Given:

I S
Electric field: —E, i + - E,j
E=2.0x 103 N/C

Surface area of plane=0.2m?



The plane is parallel to y-z plane. The normal to this plane is parallel to x-axis.
Therefore, area vector for this plane is given by 0.2m?2

- AS=0.2m?1
We know that,

Flux of electric field through a surface of area AS is given by dot product of electric
field E” with surface area AS”

¢ =E.AS
> ¢ = (2Egi+2Eyf). (0.20Nm?/C

= ¢ == x 0.2 X E, Nm?/C

|

:>¢=

| W

% 0.2 X 2 x 103 Nm?2/C (putting the value of E)

¢ = 240 Nm?/C

Therefore the flux of this electric field through the given plane surface is
240Nm?2/C.
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2. Question

A charge Q is uniformly distributed over a rod of length . Consider a hypothetical
cube of edge ¢ with the centre of he cub at one end of the rod. Find the minimum
possible flux of the electric field through the entire surface of the cube.

Answer

Given:

Length of rode=edge of cube=l

Portion of rod inside cube=1/2

Total charge =Q

Linear charge density of rod = Q/1 of rod=A

We know that,



By Gauss’s law, flux of net electric field through a closed surface equals the net
charge enclosed by the surface divided by €

$E.dS =2 )

o

Where qj,, is the net charge enclosed by the surface through which the flux is
calculated.

E” =net electric field at the surface
dS” =area of differential surface element
Using gauss law flux through the cube is given by Q;,/€o where

Qjp, is the charge enclosed by the cube

Charge enclosed by the cube is given by charge density x length of rod inside cube

DS |

Q
Qz’n - Tx

ta |3

= Q!’n =
~ by (i)

Fluxg = i

o

Therefore flux of electric field through the entire surface of cube is given by

Q/2¢g

b2 2

£
3. Question

Show that there can be no net charge in a region in which the electric field is
uniform at all points.

Answer

Given the electric field is uniform, if we consider a plane perpendicular to electric
field we can say that this plane is an equipotential surface(as equipotential
surfaces are perpendicular to the electric field lines.)
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Equipotential surface: A surface on which all points on the surface have the same
electric potential.

That means by definition of potential difference (between two points) which is
defined as work done in moving a unit test charge from one point to another point,

We can say that zero work is done in moving a unit test charge on this surface.

Let us assume that some charge is present in this region where electric field is
uniform. Now due to this charge our test charge when introduced experiences a
force (repulsive or attractive) due to which non-zero work needs to be done to
move our test charge from one point to another.

And if non zero work is done that means the potential difference between these
two points is finite (and not zero) and the surface can’t be considered as
equipotential.

This is a contradiction to the fact that the surface is equipotential.
Therefore net charge in the region of uniform electric field is zero.

4. Question

1. Find the charge contained

The electric filed in a region is given by E =

inside a cubical volume bounded by the surfacesx=0,x=a,y=0,y=a,z=0and z
=a.Take Eg=5x103NC"L,#=2cmanda =1 cm.

Answer

Given:

E=5x 103N/C
1=2cm=2x 102m

a=lcm=1x 10%m
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We know that,

Flux of electric field through a surface of area AS is given by dot product of electric
field E” with surface area AS”

¢ =E.AS

From the fig. we can see that electric field lines are parallel to the normal of the
surfaces ABCD and EFGH therefore flux is nonzero through these surfaces, whereas
for other faces of the cube electric field is perpendicular to normal of faces
therefore flux through these surfaces is zero

For face ABCD:
Area vector AS” =a?{

Electric field E~ =@E = %E

= flux from (i) is given by

Eqya -
Pascp = B i.(a*1)

ana
= @ascp = ]

For face EFGH

2A

Area vector AS” = -a“1

Electric field E” =@1‘ =0f
=~ flux from (i) is given by

¢EF‘GH =0

2
= Total flux = Zo@
I

= 3 I[1>f1'5"_2]'5LNm2/C
¢ =5x10% x> L
2x10

= ¢ = 2.5 X 10~Nm?/C



We know that,

By Gauss’s law, flux of net electric field through a closed surface equals the net
charge enclosed by the surface divided by €

§§ﬁ=%
€o
= Qin=¢ * €

=@, =25%x1071 x 885 x10712C
f = 2.2125x 10712 C

Therefore the net charge contained inside the cubical volume is given by
2.2125x 10712 ¢

5. Question

A charge Q is placed at the centre of a cube. Find the flux of the electric field
through the six surfaces of the cube.

Answer

Given:

Total charge in the cube =Q at the center
We know that,

By Gauss’s law, flux of net electric field through a closed surface equals the net
charge enclosed by the surface divided by €

§§ﬁ=%
€p

From Gauss’s law we can conclude that total flux enclosed by the cube is given by

¢ = xin _ g

€o  €o
Since charge is placed at centre it is placed symmetrically with respect to all the
faces of the cube . therefore we can say that equal flux passes through all the six
surfaces.

~ flux passing through each surface ¢, = %
Q
= ¢p = seq

Therefore flux of electric field passing through each of the six surfaces are
equal and is given by Q/6¢



6. Question

A charge Q is placed at a distance a/2 above the centre of a horizontal, square of
edge a as shown in figure. Find the flux of the electric field through the square
surface.

a
Answer

Given:

Length of square edge=a

Distance of charge Q above the center=a/2

Concept: Imagine the square to be one face of a cube of side a with the
center at a point where charge Q is placed.

Since charge is placed at centre it is placed symmetrically with respect to all the
faces of the cube . therefore we can say that equal flux passes through all the six
surfaces.

= flux passing through each surface ¢, = LA

bEg
We know that,

By Gauss’s law, flux of net electric field through a closed surface equals the net
charge enclosed by the surface divided by €

%Eﬁ:ﬁ
Ep

Q
=Py =—

6eg
(as qin=Q)

Therefore flux of electric field through square surface is given by Q/6¢,
7. Question

Find the flux of the electric field through a spherical surface of radius R due to a

charge of 1077 C at the centre and another equal charge at a point 2R way from the
centre.



| 2R
Answer

Given:

Magnitude of charges=10"7C
One at centre and another at a point 2R from centre.
We know that,

By Gauss’s law, flux of net electric field (E”) through a closed surface S equals the
net charge enclosed (q;,) by the surface divided by €

§§ﬁ=%
€p

Here,
Q:’n = q = ]_D_?C

(Note that gauss’s law include only those charges which are enclosed by the closed
surfaces and not the charges inside the surfaces)

Therefore flux through the sphere is given by

b = q 1077
€y  2.85x10717

Nm?/C
= ¢ = 1.1 x 10*Nm?%/C

Therefore flux of electric field through a spherical surface of radius R is
given by 1.1x 10*Nm?2/C

8. Question

A charge Q is placed at the centre of an imaginary hemispherical surface. Using
symmetry arguments and the Gauss’s law, find the flux of the electric field due to
this charge through the surface of the hemisphere (figure).

Answer

Given:



Charge Q placed at centre of imaginary hemispherical surface

Concept: Consider the hemisphere to be one half of an imaginary sphere in
which charge Q is at the centre

We know that,

By Gauss’s law, flux of net electric field (E”) through a closed surface S equals the
net charge enclosed (q;,) by the surface divided by ¢

§§ﬁ=%
€p

Net charge enclosed by the sphere Q;,=Q

Therefore from Gauss’s law flux of electric field through this sphere

Q
* e

Since charge is symmetrically located with respect to sphere equal flux pass
through each part of sphere of equal area. Therefore flux passing through both the
hemispherical surfaces at the top and bottom are the same

So the flux passing through the hemispherical surface —;i
8}

Therefore flux passing of electric field due to this charge through the
surface of the hemisphere is Q/2¢

9. Question

A spherical volume contains a uniformly distributed charge of density 2.0 x 1074 C

m~3. Find the electric field at a point inside the volume at a distance 4.0 cm from
the centre.

Answer

Given:

Volume charge density p =2.0x 1074C/m3

We have to find the electric field at a point at a distance 4cm from the centre.

Assume a spherical gaussian surface inside the sphere of radius 4cm=r



Volume of this spherical surface =§ r?

Charge enclose by this gaussian spherical surface=(volume charge density)x
(volume of gaussian surface containing charge)

Surface area of this spherical gaussian surface=4mr?

All the points on this surface are equivalent and by symmetry we can say that field
at every point on this surface is equal in magnitude and radial in direction.

Therefore flux through this surface can be written as
¢ =¢$E.dS=E$dS = E. 4mr?....(ii)
We know that,

By Gauss'’s law, flux of net electric field (E”) through a closed surface S equals the
net charge enclosed (q;,) by the surface divided by ¢

§Eﬁ=%
€p

Using gauss’s law and eqn.(i) and eqn.(ii)

4mr®

€p

E.4nr® = p X

pr
€p

= F

Putting the value of p, r and ¢

_ —a 4x107% N/C
E=(2x1077)x 8.85x10712
E =3 x 10°N/C

Therefore electric field at a point inside volume at a distance 4cm from the
centre is given by 3x 10°N/C

10. Question

The radius of a gold nucleus (Z = 79) is about 7.0 x 10715 m. Assume that the
positive charge is distributed uniformly throughout the nuclear volume. Find the
strength of the electric field at

(a) the surface of the nucleus and

(b) at the middle point of a radius.



Remembering that gold is a conductor, is it justified to assume that the positive
charge is uniformly distributed over the entire volume of the nucleus and does not
come to the outer surface?

Answer

Given:

Radius of gold nucleus=7.0x 10" 1°m=r

Charge on the nucleus=79x 1.6x 10"19C=q

(a)

Consider a gaussian spherical surface of radius of the nucleus=r

By symmetry all points on this surface are equivalent and electric field at all points
have same magnitude and is in radial direction

Therefore flux passing through this surface is given by
¢ =¢$E. dS=E$dS=E. 4nr?..0)
We know that,

By Gauss’s law, flux of net electric field (E”) through a closed surface S equals the
net charge enclosed (q;,) by the surface divided by ¢

§§£=%
Ep

Charge enclosed by this sphere =total charge on the nucleus=q

Using gauss’s law and eqn.(i)

E.4mr? = a
€o
__ 1
4nrie,

Putting the values of ,q and ¢

1[}-19

E=79x%x16x
4%3.14 x (7x10-12)2 x 8.85 x 1012

E =2.31x 10%!N/C

Therefore the strength of electric field at the surface of nucleus is 2.31x
1021N/C

(b)for calculating electric field at middle point of radius consider similar gaussian
surface with radius half of that of nucleus=r/2



Charge enclosed by volume ;—L nmr3=Q

4
Charge enclosed by volume ; (,,—)3 =Q
T

We get

Q
|I-—_
¢ =3

Using gauss law and eqn.(i)

E.4mr? = i
8¢,

Q

~ 32mr2 g

e
E =231x %N/C
E=1.16 x 10*N/C

Therefore electric field at middle point of radius of nucleus is given by 1.16x
1021N/C

We know that when electric charge is given to a conductor it comes on its surface

But nucleons are bound by strong nuclear force inside nucleus which holds them
and prevents them from coming out of conductor.

Therefore it is justified to assume that electric charge is uniformly
distributed in its entire volume.

11. Question

A charge Q is distributed uniformly within the material of a hollow sphere of inner
and outer radii ry and r, figure. Find the electric field at a point P a distance x away

from the centre for r; < x <ry. Draw a rough graph showing the electric field as a
function of x for 0 < x < 2r, figure.

»ﬂ

Answer
Given:

Amount of charge distributed within the hollow sphere=Q



Inner and outer radius of hollow sphere=r; and r,

Volume charge density of hollow sphere is given by

total charge

P = Volume of charge

Q

ez —rD)

p= (D)

To find the electric field at a point P at a distance x away from the centre consider
a spherical gaussian surface of radius x(;,v1 <y < Tz)

By symmetry all points on this surface are equivalent and electric field at all points
have same magnitude and is in radial direction

Therefore flux through this surface is given by
§E dS = E §dS = E. 4mx? (i)
Charge enclosed by this surface is given by

Q;, = volume charge density
X volume of gaussian surface containing charge

4
O = X2 = 13)
mo4 3 3y 3
3y —17)
. _x'g'—rf
Q:n = r;‘—r?Q ..(1ii)
We know that,

By Gauss’s law, flux of net electric field (E”) through a closed surface S equals the
net charge enclosed (q;,) by the surface divided by ¢

§§£=%
Ep

Using gauss’s law and eqn.(ii) and (iii)



-3

X
E.4nx* = 54—
h—n

(x* —1r1)Q

(r3 —r3) 4mx"2

- ?‘13

F =

This electric field is directly proportional to x for rq<x<r,

Forr, < x < 2rn,

Considering a similar gaussian spherical surface of radius x such thatr, < x < 2r,
Charge enclosed by this surface =Q

Total electric flux through this surface = g 457y 2

Using gauss law we can write

Q

T Ay 2
4mx <€,

The graph showing electric field as a function of x is shown as follows

1/x* dependence

12. Question

A charge Q is placed at the centre of an uncharged, hollow metallic sphere of radius
a.

(a) Find the surface charge density on the inner surface and on the outer surface.

(b) If a charge q is put on the sphere, what would be he surface charge densities on
the inner and the outer surfaces?

(c) Final the electric field inside the sphere at a distance x from the centre in the
situations (a) and (b).

Answer
Given:
Charge present at the centre of hollow metallic sphere=Q

Radius of sphere=a



Surface area of sphere=4ma?

We know that,

Electric fields at all points inside the conductor is zero
So,

If a charge q is placed within the cavity of a metallic sphere then taking the
Gaussian surface S as shown in fig. electric field E” =0 at all points on this surface

and hence ﬁ E.dS§ = 0 which ensures that charge contained in S is zero (by gauss’s
law)

And if a charge +q is place din the cavity , there must be a charge -q on the inner
surface of the conductor. If the conductor is neutral i.e. no charge is placed on it,a
charge +q will appear on the outer surface.

So here,
Charge induced at inner surface =-Q
Charge induced at outer surface=+Q

Surface charge density is given by charge/total surface area

-~ surface charge density on inner surface= — @ -
4ma
Surface charge density on outer surface= + i .
dma

Therefore surface charge densities on inner and outer surfaces are given by
-Q/4ma? and Q/4ma? respectively.

(b) If a charge q is put on the sphere all the charge will move to the outer surface of
the sphere(since, total charge enclosed by the sphere is zero)



Therefore inner charge density will remain same and outer charge density will
increase as the new outer charge is Q+q

@

4ma’

-~ surface charge density on inner surface= —

Q+q

- surface charge density on outer surface==—
4ma

Therefore surface charge densities of inner and outer surfaces after putting
charge q on the sphere is given by -Q/ 4ma? and (Q+q)/4ma? respectively

(c)

To find the electric field inside the sphere at a distance x from the sphere consider
a spherical Gaussian surface of radius x

Applying Gauss law on this sphere

$Eas =2
o
Edds=Eam?=2
€o
o Q
4mey x?

Where q is charge enclosed by the sphere

For situation(b) the charge enclosed by the Gaussian surface remains the same as
the charge provided to the metallic sphere it will move to the outer surface of the
sphere

Q
dweya”

Therefore for situations (a) and (b) the electric field inside the sphere at a
distance x from the centre is same and given by Q/ 41teox2

13. Question

Consider the following very rough model of a beryllium atom. The nucleus has four
protons and four neutrons confined to a small volume of radius 101> m. The two

1s electrons make a spherical charge cloud at an average distance of 1.3 x 1011 m
from the nucleus, whereas the two 2s electrons make another spherical cloud at an

average distance of 5.2 x 10711 m from the nucleus. Find the electric field at
(a) a point just inside the 1s cloud and (b) a point just inside the 2s cloud.
Answer

Given:



Radius of nucleus=10"1"m

0-11

Radius of 1-s charge cloud=1.3x 10" *m=rq

Radius of 2-s charge cloud =5.2x 10711

m=ro
(a)for calculating electric field at a point just inside 1s cloud

Consider a gaussian spherical surface of radius just equal to the radius of 1s
cloud=rq

By symmetry all points on this surface are equivalent and electric field at all points
have same magnitude and is in radial direction

Therefore flux passing through this surface is given by
¢ =¢E dS=E$dS =E.4nr?..(0)
We know that,

By Gauss’s law, flux of net electric field (E”) through a closed surface S equals the
net charge enclosed (q;,) by the surface divided by ¢

§§ﬁ=%
€p

Charge enclosed by this sphere =total charge on the nucleus=q

Now,
q= (charge of 4protons inside nucleus) = (4) x 1.6 x 1071°C

g=4x16x10"1C

Using gauss’s law and eqn.(i)

E. 4nr? = 1

€o

__a
- .2
4mry €q

Putting the values of r1 ,q and €

2x1.6x1071°
= N/C
4%3,14%(1.3x10711)2 xg85x 1012

E=3.4x1013N/C

Therefore electric field at a point just inside the 1s cloud is given by 3.4x
1013N/cC

(b)for calculating electric field at a point just inside the 2s cloud



Consider a gaussian spherical surface of radius just equal to the radius of 2s
cloud=r,

By symmetry all points on this surface are equivalent and electric field at all points
have same magnitude and is in radial direction

Therefore flux passing through this surface is given by
¢ =$E.dS=E$dS =E. 4mri.-(D)
We know that,

By Gauss’s law, flux of net electric field (E”) through a closed surface S equals the
net charge enclosed (q;,) by the surface divided by ¢

§§£=ﬂ
Ep

Charge enclosed by this sphere =total charge on the nucleus+ charge of 2 1s
electrons=q

Now,

q:

(charge of 4protons inside nucleus) +

(charge of two electrons inside 1s cloud) = (4 —2) x 1.6 x 107%°
C

g=2x1.6x1071C

Using gauss’s law and eqn.(i)

E.4mr? = a

Ep

__4q
- 2
4mry &g

Putting the values of r; ,q and €

Z2x1.6x107L°
_ N/C
4%3.14%(5,2x10~11)2 x83.85x10~12

E=1.1x101N/C

Therefore electric field at a point just inside the 2s cloud is given by 1.1x
1012N/C

14. Question

Find the magnitude of the electric field at a point 4 cm away from a line charge of
density 2 x 107 C m1.



Answer

Given:
Charge density of line charge=2x 10°°C/m=2A
Distance of point from line charge=4cm=4x 102m=r

A=2 % 107°C/m

¢ < -

r= 4 ¢m

Lo

Consider a Gaussian cylindrical surface around the line charge of radius 4cm and
height 1.

All the points on the curved part of this gaussian surface are at the same
perpendicular distance from the line charge. Therefore all these points are
equivalent. The electric field at all these points will have the same magnitude E and
direction of field at any point on the curved surface is normal to the line and hence
normal to the cylindrical surface.

We know that,

By Gauss’s law, flux of net electric field through a closed surface equals the net
charge enclosed by the surface divided by €

$E.dS = ""E—:‘ (i)

Through the circular faces at the top and bottom the angle between electric field
and area vector is 90° therefore flux through these surfaces is zero.

By applying gauss’s law for the curved cylindrical surface,

%Eﬁ:ﬁ
€p

Where E =electric field vector
dS” =area of differential surface element

gin=charge enclosed by Gaussian surface

curved surface area of cylinder=2mrl

flux through the curved part is given by



"rﬁ:jgﬁdg: Ejgdg}: E.2nrl

The total flux through the gaussian surface is given by 2mrl

The charge enclosed by the gaussian surface is ( line charge density x height of
cylindrical surface )

> Ax]

Using gauss’s law(i)

Al
E.2nrl=—
o
A
o 2MreEy
=>E=72% Lo—* N/C (putting the values of A ;i and €()

2%3.14x4x10 2 x8.85x10"12
= F =8.99 x 10°N/C

Therefore the magnitude of electric field at a distance 4cm away from the
line charge is given by 8.99x 105N/C

15. Question

A long cylindrical wire carries a positive charge of linear density 2.0 x 10°® ¢ m™L.
An electron revolves around it in a circular path under the influence of the
attractive electrostatic force. Find the kinetic energy of the electron. Note that it is
independent of the radius.

Answer

Given:

Linear charge density of wire=2.0x 10°6C=2A
We know that,

Electric field E due to a linear charge distribution of linear charge density A at a
distance r from the line is given by

A

2mERTY

()

Now,

Magnitude of Force experienced by a charge q in an electric field of intensity E is
given by

F=gxE

Here the charge particle is electron so the charge =q=e



Since this electron revolves around the wire in a circular path under the
influence of this electrostatic force this force is equal to the centripetal force
experienced by the electron

~qx E =" (i)

—

Where,

m=mass of electron=9.1x 10-31kg

r=radius of orbit in which electron revolves
q=e=charge of electron=1.6x 1019C
E=electric field due to line charge
V=velocity of electron

We know that,

Kinetic energy of electron is given by
K= émvz ..(iii)

Where,

m=mass of electron

v=velocity of electron

from eqn,(ii),

1 .1 .
— X Mmurvs =—-x b4 »r
2 5 %4

Therefore kinetic energy of electron is given by

_QEr
2

Putting value of E from eqn.(i)

K = QT X A
2 7 2mre,
_ 94
" 47e,

Thus Kinetic energy is independent of radius(r)

1.6x1071° 2x107%

S K =
2 2%3,14%8.85x10712

=K =288x10"1]



Therefore Kinetic energy of electron while revolving around a cylindrical
charge is given by 2.88x 10°17] and it is independent of radius.

16. Question

A long cylindrical volume contains a uniformly distributed charge of density p.
Find the electric field at a point P inside the cylindrical volume at a distance x
from its axis.

=)

L

 E—

Q

Answer
Given:
Volume charge density inside cylinder=p

We need to find the electric field at point P which is at a distance x from the axis of
the cylinder

Consider a cylindrical gaussian surface of radius x and height h

==

h P

*--..__C_ﬂ-/

We know that,

By Gauss’s law, flux of net electric field (E”) through a closed surface S equals the
net charge enclosed by the surface (qj,) divided by €

$E.dS = ‘?E—f: ()

Volume of this gaussian surface =mx%h
Curved surface area of this surface=2mxh

= charge enclosed by this surface=

q;n, = (volume charge density) x volume of surface



g, =p % ax2h ...(ii)
Now,

All the points on the curved part of this gaussian surface are at the same
perpendicular distance from the line charge. Therefore all these points are
equivalent. The electric field at all these points will have the same magnitude E and
direction of field at any point on the curved surface is normal to the line and hence
normal to the cylindrical surface.

Therefore flux through this surface can be written as,
§E.dS = E”$dS = E.2mxh (il

From gauss law(i) and using eqns (ii) and (iii)

mx2h
E.2nxh=px
€0
X
264

Therefore electric field at a point P inside cylindrical volume at a distance x
from its axis is given by px/2¢g

17. Question

A nonconducting sheet of large surface area and thickness d contains uniform
charge distribution of density p. Find the electric field at a point P inside the plate,
at a distance x from the central plane. Draw a qualitative graph of E against x for 0
<x<d

Answer

Given:

Thickness of sheet=d

Volume charge density=p

Let the surface area of sheet be A

Consider a cuboidal Gaussian surface of width x from the central plane such that
the central plane becomes one face of the cuboidal surface.

Volume of this cuboidal surface is given by

V=Axx



-+ Central plane

Charge = Q
Surface area = §

Charge enclosed by this gaussian surface = (volume charge density)x (volume of
gaussian surface containing charge)

Gin=p X Axx-0)
We know that,

By Gauss'’s law, flux of net electric field (E”) through a closed surface S equals the
net charge enclosed by the surface (qj,) divided by €

By symmetry arguments we can say that electric field is normal to the plane and
has same magnitude at all points which are at same distance from the central
plane.

Here flux only pass through the face which is parallel to the central plane which is
at distance x from the central plane . for remaining faces of the gaussian surfaces
the angle between the electric field vector and area vector =90.

Therefore no flux pass through these faces .

Therefore total flux passing through the gaussian surface is given by
$E.dS=E¢dS=E. A4 (i

Using gauss’s law(i) and eqn.(ii) we can write

PrRAXX
= -

E. A

X
= E = - ..(1ii)

Therefore, the electric field at a point P inside the plate at a distance x from
the central plane is given by px/¢

Eqn(iii) is valid only inside the sheet i.e. when x<d/2
(as x is measured from the central plane )

Now for outside the sheet (i.e. x>d/2)



Consider again a similar Gaussian surface of width x where x is measured from the
central plane

Charge enclosed by this gaussian surface =(volume charge density x volume of
gaussian surface containing charge)

Gin =P X A xg ...(iV)

Using gauss’s law(i) and eqn(ii) and (iv)

pxﬂx%
EA=——"-~=
€o
x d
E=p
2€q

Which is independent of x

Therefore electric field at a point P outside the sheet at a distance x is
constant and given by pd/2¢,

Graph of electric field for 0<x<d is given by

T

&

v

d/2

¢ —
18. Question

A charged particle having a charge of -2.0 x 107 C is placed close to a

nonconducting plate having a surface charge density 4.0 x 107® C m~2. Find the
force of attraction between the particle and the plate.

Answer

Given:

Charge of the particle= -2.0x 10°C=q
Surface charge density=4.0x 10°°C/m? =o

The electric field due to a plane thin sheet of charge density o is given by

E=—
26,



Proof:

To calculate the electric field at P we choose a cylindrical Gaussian surface as
shown in the fig. in which the cross section A and A’ are at equal distance from the
plane.

[
o
L E
4 =
E‘_ﬁgd ( PH——A s
aS ot “as

The electric field at all points of A have equal magnitude E. and direction along
positive normal. The flux of electric field through A is given by

¢ =E.AS

Since A and A’ are at equal distance from sheet the electric field at any point of A’ is
also equal to E and flux of electric field through A’ is also given by

E.AS

At the points on curved surface the field and area make an angle of 90° with each
other and hence F A5 =

The total flux through the closed surface is given by

¢ =E.AS+ E.AS = 2E.AS (i)

The area of sheet enclosed in the cylinder is given by AS
So the charge contained in the cylinder is given by

Gin = 0.AS -.(ii)

We know that,

By Gauss’s law, flux of net electric field (E”) through a closed surface S equals the
net charge enclosed by the surface (qj,) divided by €

§§ﬁ=%
€p

Using gauss law and eqns(i) and (ii)

AS
2ZEAS =0 —
€p

= E =5 —.(iii)

Now,



Force F~ on a charge particle of charge q in presence of electric field E” is given by

F=qE~
Using eqn(iii),we get
o
F_99
264

Putting the values of o and q we get

4,0%107°

N —&
F=(—20x10"°%)x P p—T:

F = —0.45N(-ve sign indicates that the force is attractive in nature)

Therefore force of attraction between the particle and the plate is given by
0.45N

19. Question

One end of a 10 cm long silk thread is fixed to a large vertical surface of a charged
nonconducting plate and the other end is fastened to a small ball having a mass of

10 g and a charge of 4.0 x 1070 C. In equilibrium, the thread makes an angle of 60°
with the vertical. Find the surface charge density on the plate.

Answer
Given:
Length of silk thread=10cm

Mass of ball=10g

Charge of ball=4.0x 107°C
Equilibrium angle of thread with vertical=60°

Let the surface charge density on the plate be o

X X xE X
X ¥ ¥ X

TCos 0

T Sino

X O K K ¥ ¥ =
¥ 0¥ ¥ ¥ ¥ ow =
¥ M K X ¥ ¥ X
¥ M M M M ¥ ¥

XE £ E X x x =

mg

The forces acting on the ball are
e Weight of the ball downwards (W=mg)

Where m=mass of ball



g=acceleration due to gravity

e Electric force due to non-conducting plate producing electric field E (F=qE)
Where g=charge of the ball

E=electric field intensity

e Tension force (T) due to string at an angle of 60° from vertical

Electric field due to a thin non-conducting plate of surface charge density o is
given by

The tension force T due to string is divided into horizontal and vertical
components given by Tsin60° and Tcos60°

Since the ball is in equilibrium, the net horizontal and vertical force on the ball is
Zero

Applying equilibrium along horizontal direction, we get
Tsin60° = gE (i)

Similarly, applying equilibrium along vertical direction, we get
Tcos60° = mg -...(iii)

Dividing eqn. (ii) by (iii)

qE
tanel® = —
mg
magtane0®
E = —g
q

Putting the value of E from eqn.(i), we get,

a mgtan60°

26, q

26, X mgtane0®
q

= J

Putting the values of €y,m,g and q in the above equation

2x885x10712x 10 x 1073 %x 9.8 x/3
7= 4% 10-6

o =75 % 10~7C/m?

Therefore the surface charge density on the plate is given by 7.5x 10"7C/m?



20. Question
Consider the situation of the previous problem.
(a) Find the tension in the string in equilibrium.

(b) Suppose the ball is slightly pushed aside and released. Find the time period of
the small oscillations.

Answer

Given:

Length of silk thread=10cm

Mass of ball=10g

Charge of ball=4.0x 107°C

Equilibrium angle of thread with vertical=60°

Let the surface charge density on the plate be o

T cos 607

T sin 60°

Attt rr bttt/

mg

The forces acting on the ball are

e Weight of the ball downwards (W=mg)

Where m=mass of ball

g=acceleration due to gravity

e Electric force due to non-conducting plate producing electric field E (F=qE)
Where q=charge of the ball

E=electric field intensity

e Tension force (T) due to string at an angle of 60° from vertical



Electric field due to a thin non-conducting plate of surface charge density o is
given by

The tension force T due to string is divided into horizontal and vertical
components given by Tsin60° and Tcos60°

Since the ball is in equilibrium, the net horizontal and vertical force on the ball is
ZEero

Applying equilibrium along horizontal direction, we get
Tsin60° = gE --(ii)

Similarly, applying equilibrium along vertical direction, we get
Tcos60° = mg -...(iii)

Dividing eqn. (ii) by (iii)

qE
tan60® = —
mg
magtane0®
p - Mgtancy
q

Putting the value of E from eqn.(i), we get,

a mgtan60°

264 q

2e, X mgtane0®
=g =
q

Putting the values of €p,m,g and q in the above equation

2%x885x10712x 10x 1073 % 9.8 x+3
7= 4% 10-5

o =75 % 10~7C/m?

(a)Now to find the tension in the string in equilibrium condition we can use eqgn.

(iii)

Tcos60® = mg

T =2mg
T=2x(10x10"%)x9.8

T = 0.196N



Therefore tension in the string in equilibrium is given by 0.196N

(b)when the ball is slightly pushed aside and released, the ball will undergo small
oscillations due to the restoring forces. When the ball will come in mean position,
tension, weight and electric force will balance.

The forces acting on the ball are mg” in vertical direction and qE” in horizontal
direction

From the fig, tension is given by

T =/ (mg)?+ (qE)?
So the net acceleration ge¢s is given by

T

Geff = m

- ey
Gerr = |9 m

Therefore time period of small oscillations T is given by

l
Gefr

T=2m

)

Putting the value of E from eqn.(i) we get

0.3

[
0.3
(92 + (Eg;n)z)

Putting the values of g, |, q, 6 €y and m and solving we get,

T=2m

N

T = 0.4hsec



Therefore the time period of small oscillations of ball is given by 0.45sec
21. Question

Two large conducting plates are placed parallel to each other with a separation of
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.

Answer

Given:

Distance travelled by the electron=2cm=2x 10"2m=s
Time taken by the electron =2pus=2x 10 0s=t

Let the surface charge density of the plate be o

Let the acceleration of electron be a

+— 2 cm—

Using 2" law of motion

r+1 t2
E=1U —a
2

Where,

u=initial velocity

t=time taken to travel
a=acceleration of particle
s=displacement of particle

it is given that electron starts from rest .. u=0

1

s =—at?
2
28
I.‘I=t—2

This acceleration is provided by the force due to electric field between plates

Force applied to the particle is given by



F=m><ﬂ:=m><§...(i)

Where,

m=mass of electron=9.1x 10-31kg

this force is provided by the electric field (E) between the plates which is given by
F = qE ---(ii)

Equating eqns.(i) and (ii)

qE =m X § (iii)

We know that

Electric field due to a conducting plate of surface charge density o is given by
a

E=—
€o

Putting this value of E in eqn.(iii)

qa 2ms
€ 12

_Emsec,
qt?

Putting values of s, m, t and q

—12
10 C/m?
(1.6x1071%)x(2x107%)2

g=2%91x103'x%x8.85x

o = 0.503 x 10~12C/m?

Therefore the surface charge density of the plate is given by
0.503x 10"12C/m?

22. Question

Two large conducting plates are placed parallel to each other and the carry equal
and opposite charges with surface density o as shown in figure. Find the electric
field

(a) at the left of the plates.
(b) in between the plates and

(c) at the right of the plates.



+ + + + + +
F 51 % § 0

Answer

Given:

Surface charge density of both plate=o

Both plates carry equal and opposite charges
We know that,

The electric field due to a plane thin sheet of charge density o is given by

Proof:

To calculate the electric field at P we choose a cylindrical Gaussian surface as
shown in the fig. in which the cross section A and A’ are at equal distance from the
plane.

[F.
s | AW
+ . E
e—f) (=
A\ . A
AS o * e

The electric field at all points of A have equal magnitude E. and direction along
positive normal. The flux of electric field through A is given by

¢ = E.AS

Since A and A’ are at equal distance from sheet the electric field at any point of A’ is
also equal to E and flux of electric field through A’ is also given by

E.AS

At the points on curved surface the field and area make an angle of 90° with each
other and hence F A§ — 0

The total flux through the closed surface is given by

¢ =E.AS+ E.AS = 2E.AS ..(i)

The area of sheet enclosed in the cylinder is given by AS



So the charge contained in the cylinder is given by
qin = 0.AS (i)
We know that,

By Gauss’s law, flux of net electric field (E”) through a closed surface S equals the
net charge enclosed by the surface (q;,) divided by €

%Eﬁ:ﬁ
Ep

Using gauss law and eqns(i) and (ii)

AS
2ZEEAS =0 —
€p
£ a
= F =—
2¢,
Now

Magnitude of Electric field due to plate 1 is given by E; = i
4]

a

Magnitude of Electric field due to plate 2 is given by E, = T
a

(a)at the left of the plates

Electric field due to plate 1 is in left direction(-ve) whereas electric field due to
plate 2 is in right direction(+ve)

~ net electric field

E=E —-E J J 0
S TN 2e, 26y

Therefore net electric field due to both plates at the left of plates is zero
(b)in between the plates,

The electric field due to plate 1 is in right direction(+ve) and electric field due to
plate 2 is also in right direction(+ve)

~ net electric field

E=E,+E J+J d
TR 26, 26, g

Therefore net electric field due to both plates in between the plates is given
by o/¢

(c)at the right of the plates



Electric field due to plate 1 is in right direction (+ve) whereas electric field due to
plate 2 is in left direction (-ve)

~ net electric field

E=E —E J J 0
St TR 2e, 26,

Therefore net electric field due to both plates in the right of both plates is
Zero

23. Question

Two conducting plates X and Y, each having large surface area A (on one side), are
placed parallel to each other as shown in figure. The plate X is given a charge Q
whereas the other is neutral. Find:

(a) the surface charge density at the inner surface of the plate X,
(b) the electric field at a point to the left of the plates
(c) the electric field at a point in between the plates and

(d) the electric field at a point to the right of the plates

*]

X Y

Answer

Given:

Charge on plate X=Q

Charge on plate Y=zero

Consider the gaussian surface as shown in fig.

Two faces of this closed surface lie completely inside the conductor where the
electric field is zero. The other parts of closed surface which are outside are



parallel to electric field and hence flux on these parts is zero. The total flux of
electric field through this closed surface is zero. So, from gauss’s law total charge
inside the closed surface be zero. The charge on inner surface of X should be equal
and opposite to charge on inner surface of Y.

= Q -q
Or .-—E—E—— 1A I-:’ —A
L—L lE 4
-q
______ 1B I 1B
E=0 +*q

To find the value of q consider electric field at point P

We know that electric field due to a thin plate of charge Q is given by

@
24€,

Where A=area of plate

Electric field at P

Due to charge Q-q=;;:(towards right)
(4]

Due to charge q= i(towards left)
Q

Due to charge -q =2L(t0wards right)

Aeg

Due to charge q= i(towards left)
o

The net electric field at P due to all four charged surfaces is

Q—2q
24¢,

Which is zero as P is inside conductor

The final charge distribution is as shown in fig



oF B LY

b b,

X | 4

(a)surface charge density at inner surface of plate X is given by

charge at inner surface

area of plate

-2

24

Therefore surface charge density at inner surface of plate X is given by Q/2A
Consider Right direction as negative and left as positive
(b) at left of the plates

electric field due to,

outer surface of plate X=i(towards left)
4Ae,

inner surface of plate X=Q /4 4¢, (towards left)
inner surface of plate Y =+ /4A¢,(towards right)
outer surface of plate Y =@ /4 4¢,(towards left)

net electric field at left of plates is given by

_@ ., @, _«
44e, 44Ae, 4de, 44Ae, 24g,

Therefore net electric field at a point to left to the plates is given by Q/2A¢
towards left

(c)between the plates

electric field due to,

outer surface of plate X=$(towards right)
=]

inner surface of plate X=0 /4 A¢, (towards right)
inner surface of plate Y = /4 4¢, (towards right)

outer surface of plate Y =@ /4A4¢, (towards left)



net electric field at a point between the plates is given by

e e o . e _ @
44e, 44de, 4de, 4deg, 24¢,

Therefore net electric field at a point between the plates is given by Q/2Ag
towards right

(d) to the right of the plates

electric field due to,

outer surface of plate X=i(towards right)
o

inner surface of plate X=0 /4 4¢, (towards right)
inner surface of plate Y =) /44¢, (towards left)
outer surface of plate Y =@ /4 4¢, (towards right)

net electric field at a point between the plates is given by

@ e ., e e _ @
44e, 44e, 4dey, 4deg, 24¢€,

Therefore net electric field at a point to the right of the plates is given by
Q/2A¢( towards right

24. Question

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

Q =20
[ ]
Answer
Given:

Charge on the left plate =Q
Charge on the rightmost plate =-2Q

Consider the gaussian surface as shown in fig.



Two faces of this closed surface lie completely inside the conductor where the
electric field is zero. The other parts of closed surface which are outside are
parallel to electric field and hence flux on these parts is zero. The total flux of
electric field through this closed surface is zero. So, from gauss’s law total charge
inside the closed surface be zero

-0 20
A B
e
|
]
(+Q -q) B (-2Q+q)
D |+¢ q q g| ¢
b Y £

To find the value of q consider electric field at point P

We know that electric field due to a thin plate of charge Q is given by

@
24€,

Where A=area of plate

Now electric field at point P due to,

Outer surface of plate X=;;:(towards right)
o

q

Inner surface of plate X=E(towards right)
o

q
24e,

Left surface of plate Y=

(towards left)

q
2Ae,

Right surface of plate Y=

(towards left)

Inner surface of plate Z=¢g /2 A¢,(towards right)

Outer surface of plate Z=22i—_q(towards right)
o

Consider field towards right as positive and towards left as negative

Net field at point P is given by

Q—LE_l_ a 9  q + q  2Q-q_3Q-2q
24Aeg 2Aeg,  24eg 2Aeg 2de, 24ep, 24de,

We know that field inside a point inside conductor should be zero



=~ net field at p=0

30 —2q 0
24¢,

_3¢

=7

The final charge distribution is shown in fig.

2| a2 sa2| o

302 [3q/2
i
X Y £

Charge on the outer surface of rightmost plate is given by
—2Q+q=-2Q+> =7

Therefore, the charge on the outer surface of the rightmost plate is given by

-Q/2



