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Frictional Electricity:
It was observed that if two glass rods rubbed with wool or silk cloth are brought close to each other, they repel each other
[image: ]
Electrons in glass are loosely bound in it than the electrons in silk.  So, when glass and silk are rubbed together, the comparatively loosely bound electrons from glass get transferred to silk.  
As a result, glass becomes positively charged and silk becomes negatively charged.
Electrons in fur are loosely bound in it than the electrons in ebonite.  So, when ebonite and fur are rubbed together, the comparatively loosely bound electrons from fur get transferred to ebonite.
As a result, ebonite becomes negatively charged and fur becomes positively charged.
It is very important to note that the electrification of the body (whether positive or negative) is due to transfer of electrons from one body to another. i.e. If the electrons are transferred from a body, then the deficiency of electrons makes the body positive.
If the electrons are gained by a body, then the excess of electrons makes the body negative.
If the two bodies from the following list are rubbed, then the body appearing early in the list is positively charges whereas the latter is negatively charged
Fur, Glass, Silk, Human body, Cotton, Wood, Sealing wax, Amber, Resin, Rubber, Ebonite.
	Column I  (+ve Charge)
	Column II   (-ve Charge)

	Glass
	Silk

	Wool, Flannel
	Amber, Ebonite, Rubber, Plastic

	Ebonite
	Polythene





Properties of Charges:
1.There exists only two types of charges, namely positive and negative.
2.Like charges repel and unlike charges attract each other.
3.Charge is a scalar quantity.
            4.Charge is additive in nature: If a system contains n charges q1, q2, q3, …, qn, then    the total charge of the system is q1 + q2 + q3 + … + qn. For example, the total charge of a system containing five charges +1C, +2C, –3C, +4C and –5C, is (+1C) + (+2C) + (–3C) + (+4C) + (–5)C = –1C
      5.Charge is quantized.: All free charges are integral multiples of a basic unit of charge denoted by e. Thus charge q on a body is always given by
                       q = ne
where n( = 1, 2, 3, …………) is any integer, positive or negative e =  ± 1.6 x 10-19 C
      i.e. Electric charge exists in discrete packets rather than in continuous amount.
      Charge is conserved.  i.e. The algebraic sum of positive and negative charges in an isolated system remains constant.
     eg.  When a glass rod is rubbed with silk, negative charge appears on the silk and an equal amount of positive charge appear on the glass rod.  The net charge on the glass-silk system remains zero before and after rubbing.  It does not change with velocity also.
(Note:  Recently, the existence of quarks of charge ⅓ e and ⅔ e has been postulated.  If the quarks are detected in any experiment with concrete practical evidence, then the minimum value of ‘quantum of charge’ will be either ⅓ e or ⅔ e.  However, the law of quantization will hold good. )

EX:    If 109 electrons move out of a body to another body every second, how much time is required to get a total charge of 1 C on the other body?
Solution: In one second 109 electrons move out of the body. Therefore the charge given out in one second is 1.6 × 10–19 × 109 C = 1.6 × 10–10 C.
The time required to accumulate a charge of 1 C can then be estimated to be 1 C ÷ (1.6 × 10–10 C/s) = 6.25 × 109 s = 6.25 × 109 ÷ (365 × 24 × 3600) years = 198 years. Thus to collect a charge of one coulomb, from a body from which 109 electrons move out every second, we will need approximately 200 years. One coulomb is, therefore, a very large unit for many practical purposes.
 _________________________________________________________________________

Home Work:          
      
      1. What is quantisation of charges
      2.. Write any four properties of charges.



COULOMB’S LAW    - Force between two point electric charges

     The electrostatic force of interaction (attraction or repulsion) between two point electric charges is directly proportional to the product of the charges, inversely proportional to the square of the distance between them and acts along the line joining the two charges.
(*Strictly speaking, Coulomb’s law applies to stationary point charges)
         F α q1 q2                                            q1                                                                   q2
        F α 1 / r2                                                                          o<________________r__________________>o
[image: ]
In SI system, if medium is vacuum then,
The constant k is
k = =9 × 109 N m 2 /C -2
Where ε0 is called the permittivity of free space . 
The value of ε0 in SI units is  ε0= 8.854 × 10–12 C2 N–1m–2
In medium,   k =1/4π ε , where ε is the absolute electric permittivity of the dielectric medium 
The dielectric constant or relative permittivity or specific inductive capacity or dielectric coefficient is given by 
K = εr = ε / ε0
      . . .  In vacuum     
                        [image: ]   
           In Medium
                    K = εr = ε / ε0
[image: ]        

Q1. A charged rod P attracts rod R where as P repels another charged rod Q. What
type of force is developed between Q and R? (HW)
Q2. What is the force between two small charged spheres having charges of 2 × 10−7 C and 3 × 10−7 C placed 30 cm apart in air? 
Ans: Charge on the first sphere, q1 = 2 × 10−7 C
Charge on the second sphere, q2 = 3 × 10−7 C
Distance between the spheres, r = 30 cm = 0.3 m
Electrostatic force between the spheres is given by the relation,
[image: http://cbse.meritnation.com/img/curr/1/12/16/245/5664/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_2ab5d65b.gif]
Where, ∈0 = Permittivity of free space
[image: http://cbse.meritnation.com/img/curr/1/12/16/245/5664/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_2b4c6d34.gif]
Hence, force between the two small charged spheres is 6 × 10−3 N. The charges are of same nature. Hence, force between them will be repulsive.
Q3. The electrostatic force on a small sphere of charge 0.4 μC due to another small sphere of charge − 0.8 μC in air is 0.2 N. (a) What is the distance between the two spheres? (b) What is the force on the second sphere due to the first? 
(a) Electrostatic force on the first sphere, F = 0.2 N
Charge on this sphere, q1 = 0.4 μC = 0.4 × 10−6 C
Charge on the second sphere, q2 = − 0.8 μC = − 0.8 × 10−6 C
Electrostatic force between the spheres is given by the relation,
[image: http://cbse.meritnation.com/img/curr/1/12/16/245/5665/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_2ab5d65b.gif]
Where, ∈0 = Permittivity of free space
[image: http://cbse.meritnation.com/img/curr/1/12/16/245/5665/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_6c0ed7d7.gif]
[image: http://cbse.meritnation.com/img/curr/1/12/16/245/5665/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_16c325f5.gif]
The distance between the two spheres is 0.12 m.
(b) Both the spheres attract each other with the same force. Therefore, the force on the second sphere due to the first is 0.2 N.
Q4. (a) Explain the meaning of the statement ‘electric charge of a body is quantised’.
(b) Why can one ignore quantisation of electric charge when dealing with macroscopic i.e., large scale charges?  (HW)
Q5. Three point charges of + 2 μC, − 3 μC and − 3μC are kept at the vertices A, B and C respectively of an equilateral triangle of side 20 cm as shown in the figure. What should be the sign and magnitude of the charge to be placed at the mid-point (M) of side BC so that the charge at A remains in equilibrium?
[image: Phy_2005_Set1_Delhi_Vandana_SS_html_661c2c52]
Solution:
Force exerted on + 2μC charge by the charge at B,
[image: Phy_2005_Set1_Delhi_Vandana_SS_html_6718469d]along AB
Force exerted on + 2μC charge by charge at C,
[image: Phy_2005_Set1_Delhi_Vandana_SS_html_53ad6a05]along AC
The resultant force of F1 and F2 is:
[image: Phy_2005_Set1_Delhi_Vandana_SS_html_26ac7835]
Q6.State Coulomb’s law in electrostatics. Write mathematical expression for the force between two charges placed at distance r in air.


*** COULOMB’S LAW    - Force between two point electric charges ( Vector form) 
     The electrostatic force of interaction (attraction or repulsion) between two point electric charges is directly proportional to the product of the charges, inversely proportional to the square of the distance between them and acts along the line joining the two charges[image: ]
q1, q 2 : Positive point charges
[image: ]  : Vector separation from q1 to q 2
     [image: ]  : force on q1 due to q2
    [image: ]   : force on q2 due to q1
[image: ]  : Unit vectors
Force on q1 due to q2 is given by
                 [image: ]
              [image: ]
Similarly, Force on q2 due to q1 is given by
               [image: ]
              [image: ]
             [image: ][image: ]
Therefore [image: ]
Two forces are equal and opposite


*** FORCES BETWEEN MULTIPLE CHARGES – SUPERPOSITION PRINCIPLE
According to superposition principle force on any charge due to a number of other charges is the vector sum of all the forces on that charge due to the other charges, taken one at a time. The individual forces are unaffected due to the presence of other charges
[image: ]
Fig 1 A system of three charges 

   consider a system of three charges q1, q2 and q3, as shown in Fig.1The force on one charge, say q1, due to two other charges q2, q3 can therefore be obtained by performing a vector addition of the forces due to each one of these charges. Thus, if the force on q1 due to q2 is denoted by F12, F12 is given by Equation given below even though other charges are present.
Thus,
                 [image: ]
In the same way, the force on q1 due to q3, denoted by F13, is given by
                [image: ]
  which again is the Coulomb force on q1 due to q3, even though other charge q2 is present.
Thus the total force F1 on q1 due to the two charges q2 and q3 is given as
[image: ]
The above calculation of force can be generalised to a system of charges more than three, as shown in Fig 2
[image: ]
                                                        Fig 2, A system of multiple charges.

      The principle of superposition says that in a system of charges q1, q2, ..., qn, the force on q1 due to q2 is the same as given by Coulomb’s law, i.e., it is unaffected by the presence of the other charges q3, q4, ..., qn. The total force F1 on the charge q1, due to all other charges, is then given by the vector sum of the forces F12, F13, ..., F1n:
i.e.,
[image: ]
[image: ]
(The vector sum is obtained as usual by the parallelogram law of addition of vectors. All of electrostatics is basically a consequence of Coulomb’s law and the superposition principle.)
1. Four point charges qA = 2 μC, qB = −5 μC, qC = 2 μC, and qD = −5 μC are located at the corners of a square ABCD of side 10 cm. What is the force on a charge of 1 μC placed at the centre of the square?
Solution: The given figure shows a square of side 10 cm with four charges placed at its corners. O is the centre of the square.
[image: ]
Where,
(Sides) AB = BC = CD = AD = 10 cm
(Diagonals) AC = BD = [image: http://cbse.meritnation.com/img/curr/1/12/16/245/5669/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_m30eeb009.gif]cm
AO = OC = DO = OB = [image: http://cbse.meritnation.com/img/curr/1/12/16/245/5669/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_287b5bbe.gif]cm
A charge of amount 1μC is placed at point O.
   Force of repulsion between charges placed at corner A and centre O is equal in magnitude but opposite in direction relative to the force of repulsion between the charges placed at corner C and centre O. Hence, they will cancel each other. Similarly, force of attraction between charges placed at corner B and centre O is equal in magnitude but opposite in direction relative to the force of attraction between the charges placed at corner D and centre O. Hence, they will also cancel each other. Therefore, net force caused by the four charges placed at the corner of the square on 1 μC charge at centre O is zero.

2. Force of attraction between two point electric charges placed at a distance d in a medium is F. What distance apart should these be kept in the same medium, so that force between them becomes F/3? (HW)
3. Define one coulomb? (HW)
ELECTRIC FIELD
 Electric field is a region of space around a charge or a system of charges within which other charged particles experience electrostatic forces.
(Theoretically, electric field extends up to infinity but practically it is limited to a certain distance.)
Electric Field Strength or Electric Field Intensity or Electric Field
Electric field strength at a point in an electric field is the electrostatic force per unit positive charge acting on a vanishingly small positive test charge placed at that point. 
[image: ]
   q : Given charge,         qo : Test charge,             [image: ]: Force
From Coulomb’s law force on qo due to q is given by
                              [image: ]
By definition electric field at distance r from +q is
                         E = F/qo
                            [image: ] 
The test charge is considered to be vanishingly small because its presence should not alter the configuration of the charge(s) and thus the electric field which is intended to be measured and defined as     
NOTE:
1. Since q0 is taken positive, the direction of electric field ( E ) is along the direction of electrostatic force ( F ).
2. Electrostatic force on a negatively charged particle will be opposite to the direction of electric field.
3. Electric field is a vector quantity whose magnitude and direction are uniquely determined at every point in the field.
4. SI unit of electric field is newton / coulomb ( N C-1 ). 
Electric Field due to a Point Charge varies as inversely proportional to square of the distance and given by
                                   [image: ]
The electric field due to a point charge has spherical symmetry.
If q > 0, then the field is radially outwards.  
If q < 0, then the field is radially inwards.
[image: ]
**Electric field in terms of co-ordinates is given by
                           [image: ]
   When a charge q is placed in an electric field E then charge experiences force given by
                                  F = E / q  

1.The electric field E due to a point charge at any point near it is defined as[image: Phy_2007_Set1_Delhi_Sravana_Saif_SS_html_29ae29e9], where q is the test charge and F is the force acting on it. What is the physical significance of [image: Phy_2007_Set1_Delhi_Sravana_Saif_SS_html_m3534778f]in this expression?
Ans: [image: Phy_2007_Set1_Delhi_Sravana_Saif_SS_html_m3534778f]indicates that the test charge q is very small and therefore its presence does not disturb the distribution of source charge and hence its electric field.
2. Two point charges +q and +9q are separated by a distance of 10 a. Find the point on the line joining the two changes where electric field is zero? (HW)
3. Two point charges qA = 3 μC and qB = −3 μC are located 20 cm apart in vacuum.
(a) What is the electric field at the midpoint O of the line AB joining the two charges?
(b) If a negative test charge of magnitude 1.5 × 10−9 C is placed at this point, what is the force experienced by the test charge? 
(a) The situation is represented in the given figure. O is the mid-point of line AB.
[image: ]
Distance between the two charges, AB = 20 cm
∴AO = OB = 10 cm
Net electric field at point O = E
Electric field at point O caused by +3μC charge,
E1 = [image: http://cbse.meritnation.com/img/curr/1/12/16/245/5671/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_15b6e68c.gif] along OB
Where,
[image: http://cbse.meritnation.com/img/curr/1/12/16/245/5671/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_149b60d9.gif]= Permittivity of free space
[image: http://cbse.meritnation.com/img/curr/1/12/16/245/5671/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_793ab607.gif]
Magnitude of electric field at point O caused by −3μC charge,
[image: ]
[image: http://cbse.meritnation.com/img/curr/1/12/16/245/5671/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_m4cbbecde.gif]
= 5.4 × 106 N/C along OB
Therefore, the electric field at mid-point O is 5.4 × 106 N C−1 along OB.
(b) A test charge of amount 1.5 × 10−9 C is placed at mid-point O.
q = 1.5 × 10−9 C
Force experienced by the test charge = F
∴F = qE
= 1.5 × 10−9 × 5.4 × 106
= 8.1 × 10−3 N
The force is directed along line OA. This is because the negative test charge is repelled by the charge placed at point B but attracted towards point A.
Therefore, the force experienced by the test charge is 8.1 × 10−3 N along OA.
4. Two point charges qA = 4 μC and qB = +4 μC are located 10 cm apart in vacuum.  What is the electric field at the midpoint O of the line AB joining the two charges?  (HW)
ELECTRIC DIPOLE
     An electric dipole is a pair of equal and opposite point charges q and –q, separated by a distance 2a. The line connecting the two charges defines a direction in space. By convention, the direction from –q to q is said to be the direction of the dipole. The mid-point of locations of –q and q is called the centre of the dipole. The total charge of the electric dipole is obviously zero. This does not mean that the field of the electric dipole is zero
[image: ]
Electric dipole
Electric dipole moment is a vector quantity used to measure the strength of an electric dipole. The magnitude of electric dipole moment is the product of magnitude of one of the charge and the distance between the two charges.
P = 2a x q
The direction is from negative to positive charge. The SI unit of ‘p’ is ‘coulomb metre (C m)’.
Electric field at a point on the axis of a dipole
[image: ]
   Consider an electric dipole of length 2a. Let P be a point at a distance r from the centre of the dipole on the axis ( axial line)
Electric field at P due to charge –q is
[image: ]         along PA
Electric field at P due to charge +q is
[image: ]                  along PX
Resultant electric field at P is
                      E = E-q + E+q
                    [image: ]              
                      [image: ]
                       [image: ]
                
              [image: ]
   Where p = 2aq, dipole moment
 If r>>a  then  r2 – a2 ≈r2
         [image: ]
The direction of electric field intensity at a point on the axial line due to a dipole is always along the direction of the dipole moment.
Example
 Two charges each of 1μC but opposite sign are 1cm apart in air. Calculate electric field at a point 10cm away from the midpoint on the axial line of the dipole
	[image: ]
[image: ]
	Here, q=1μC = 1x 10-6 C  , 2a= 1cm =10-2 m
r = 10cm = 10-1 m
Ans       E = 18x104 N/C



Electric field at a point on the equatorial line
   Consider an electric dipole of length 2a. Let P be a point at a distance r from the centre of the dipole on the equatorial line
[image: ]
The magnitudes of the electric fields due to charge –q at P given by
                                  [image: ]

The magnitudes of the electric fields due to charge +q at P given by
                                  [image: ]
The directions of EA and EB are as shown in Fig Clearly, the components normal to the dipole axis cancel away. The components along the dipole axis add up. The resultant electric field is 
   E = EA cos θ + EB cosθ                      { ...  l EA l = l EB l}
     [image: ]
                                     [image: ]
                                    [image: ]
At large distances (r >> a), this reduces to
                                [image: ]
  The direction of electric field intensity at a point on the equatorial line due to a dipole is parallel and opposite to the direction of the dipole moment
                                [image: ]
                             Therefore 
                      E axial  =2 E equitorial

1.Two charges each 2 x 10-7 C but opposite in sign forms a system. These charges are located at points A (0,0, -10) cm and B(0,0, +10) cm respectively. What is the total charge and electric dipole moment of the system? (HW)

2. Two point changes q and –q are placed at a distance 2a apart. Calculate the electric field at a point P situated at a distance r along the perpendicular bisector of the line joining the charges. What is the field when r >> a? (HW)

3. Two point changes q and –q are placed at a distance 2a apart. Calculate the electric field at a point P situated on the line joining the charges. What is the field when r >> a? (HW)

4. Two point charges +q and +9q are separated by a distance of 10 a. Find the point on the line joining the two changes where electric field is zero? (HW)

 5.A system has two charges qA = 2.5 × 10−7 C and qB = −2.5 × 10−7 C located at points A: (0, 0, − 15 cm) and B: (0, 0, + 15 cm), respectively. What are the total charge and electric dipole moment of the system? 

Both the charges can be located in a coordinate frame of reference as shown in the given figure.
[image: ]
At A, amount of charge, qA = 2.5 × 10−7C
At B, amount of charge, qB = −2.5 × 10−7 C
Total charge of the system,
q = qA + qB
= 2.5 × 107 C − 2.5 × 10−7 C
= 0
Distance between two charges at points A and B,
d = 15 + 15 = 30 cm = 0.3 m
Electric dipole moment of the system is given by,
p = qA × d = qB × d
= 2.5 × 10−7 × 0.3
= 7.5 × 10−8 C m along positive z-axis
Therefore, the electric dipole moment of the system is 7.5 × 10−8 C m along positive z−axis.


#   Torque on an Electric Dipole in a Uniform Electric Field:
Consider an electric dipole consisting of two equal and opposite point charges, - q at A and    + q at B, separated by a small distance placed in a uniform electric field. Let this dipole be held in a uniform external electric field [image: Phy_2005_Set1_Delhi_Vandana_SS_html_2d5b349]at an angle θ with the direction of[image: Phy_2005_Set1_Delhi_Vandana_SS_html_2d5b349].
                         [image: ]
                 AB = 2a, having dipole moment[image: Phy_2005_Set1_Delhi_Vandana_SS_html_m6077e139]
Force on charge −q at A
F= + q[image: Phy_2005_Set1_Delhi_Vandana_SS_html_2d5b349], in a direction opposite to [image: Phy_2005_Set1_Delhi_Vandana_SS_html_2d5b349]
Force on charge +q at B
F= q[image: Phy_2005_Set1_Delhi_Vandana_SS_html_2d5b349], along the direction of [image: Phy_2005_Set1_Delhi_Vandana_SS_html_2d5b349]
Net translator forces on the dipole = qE − qE = 0
Hence, the dipole does not undergo any translatory motion.
        However the forces are along different lines of action and constitute a couple.  Hence the dipole will rotate and experience torque. 
Torque = Electric Force  x  perpendicular distance between two forces
          τ = F × BC
          τ = F × 2asinθ                                    { sin θ = BC/AB
           = qE 2asinθ                                            BC = AB sin θ = 2a sin θ}
 Or, τ = pEsinθ
Where, P = q (2a) = Dipole moment
    [image: Phy_2005_Set1_Delhi_Vandana_SS_html_m23d01ea5]
Direction of Torque is perpendicular and into the plane containing p and E.. SI unit of torque is newton metre (Nm).
Case i:  If  θ = 0°, then  τ =  0.
Case ii:  If θ = 90°, then τ =  pE                        
                       (maximum value).
                                   Case iii:  If θ = 180°, then τ =  0


Work done on an Electric Dipole in Uniform Electric Field:

Consider an electric dipole consisting of two equal and opposite point charges, - q at A and + q at B, separated by a small distance placed in a uniform electric field.
.[image: ]
   Since the dipole experiences no net force in a uniform electric field but experiences a torque τ is given by:
            [image: Phy_2008_Set2_Delhi_Vandana_chetan_SS_html_3940f23e]
     Suppose an external torque [image: Phy_2008_Set2_Delhi_Vandana_chetan_SS_html_65d17dc4]is applied in such a way that it neutralises this torque and rotates in the plane of paper from angle [image: ].
The amount of work done by the external torque is:
[image: ]
This work is stored as the potential energy of the system.
[image: ]

Case i:  If θ = 0°, then U =  - pE       (Stable Equilibrium)
Case ii:  If θ = 90°, then U =  0  
Case iii:  If θ = 180°, then U =  pE   (Unstable Equilibrium)

1.An electric dipole of length 4 cm, when placed with its axis making an angle of 60° with a uniform electric field, experiences a torque of [image: Phy_2004_Set1_Outside%20Delhi_Vandana_SS_html_1fd25ae7]Nm. Calculate the (i) magnitude of the electric field (ii) potential energy of the dipole, if the dipole has charges of ± 8 nC.
Ans: (i) Here, length of the dipole, 2a = 4 cm = 4 × 10−2 m
                    Torque,τ = [image: Phy_2004_Set1_Outside%20Delhi_Vandana_SS_html_1fd25ae7]Nm ,Charge, q = 8 × 10−9 C
                     ∴τ = pE sinθ = (q × 2a) × E × sinθ
                            ∴[image: Phy_2004_Set1_Outside%20Delhi_Vandana_SS_html_1fd25ae7]= 8 × 10−9 × 4 × 10−2 × E × sin 60°
                              [image: Phy_2004_Set1_Outside%20Delhi_Vandana_SS_html_m60488ecb]
∴  [image: Phy_2004_Set1_Outside%20Delhi_Vandana_SS_html_m49ed9434]  

   E = 2.5 × 1010 NC−1

    (ii) Potential energy, [image: Phy_2004_Set1_Outside%20Delhi_Vandana_SS_html_1286fa0b]
 ∴ U = − 8 × 10−9 × 2 × 10−5 × 2.5 × 1010 cos 60°
∴ U = − 2 J

2.. An electric dipole with dipole moment 4 × 10−9 C m is aligned at 30° with the direction of a uniform electric field of magnitude 5 × 104N C−1. Calculate the magnitude of the torque acting on the dipole.
 Ans: Electric dipole moment, p = 4 × 10−9 C m
Angle made by p with a uniform electric field, θ = 30°
Electric field, E = 5 × 104 N C−1
Torque acting on the dipole is given by the relation,
τ = pE sinθ
[image: http://cbse.meritnation.com/img/curr/1/12/16/245/5673/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_m6822f3ba.gif]
Therefore, the magnitude of the torque acting on the dipole is 10−4 N m.

3. An electric dipole when held at 300 with respect to a uniform electric field of 104 N/C experienced a Torque of 9 x 10-26 Nm. Calculate dipole moment of the dipole? (HW)

ELECTRIC FIELD LINES

An electric line of force is an imaginary straight or curved path along which a unit positive charge is supposed to move when free to do so in an electric field.
Electric lines of force do not physically exist but they represent real situations
Properties:
1. The field lines of a single positive charge are radially outward while those of a single negative charge are radially inward.
  
      [image: ]

2. Field lines start from positive charges and end at negative charges. If there is a single charge, they may start or end at infinity.
                           [image: ]

3.Tangent drawn at a point on the electric lines of force gives the direction of electric field at that point.
4. In a charge-free region, electric field lines can be taken to be continuous curves without any breaks.
# 5. Two field lines can never cross each other. (If they did, the field at the point of intersection will  have more than one direction, which is absurd.) 
                                               [image: ]

# 6. Electrostatic field lines do not form any closed loops. This follows from the conservative nature of electric field 

The field lines around a system of two positive charges (q, q) give a vivid pictorial description of their mutual repulsion
                                           [image: ]

Electric Potential

Electric potential is a physical quantity which determines the flow of charges from one body to another. It is a physical quantity that determines the degree of electrification of a body.
Electric Potential at a point in the electric field is defined as the work done in moving (without any acceleration) a unit positive charge from infinity to that point against the electrostatic force irrespective of the path followed.
  
                      V = W / qo   
SI unit of electric potential is volt (V)  or J C-1 or Nm C-1.
Electric potential at a point is one volt if one joule of work is done in moving one coulomb charge from infinity to that point in the electric field.

Electric Potential Difference
Electric Potential Difference between any two points in the electric field is defined as the work done in moving (without any acceleration) a unit positive charge from one point to the other against the electrostatic force irrespective of the path followed.
                 
                       ΔV = VA –VB = W/qo

1. Electric potential and potential difference are scalar quantities.
2. Electric potential at infinity is zero.
3. Electric potential near an isolated positive charge (q > 0) is positive and that near an isolated negative charge (q < 0) is negative.

Electric Potential due to a Single Point Charge

[image: ]

       Let q0 be the test charge placed at P at a distance x from the source charge +q. The force F= q0E  is radially outward and tends to accelerate the test charge.  To prevent this acceleration, equal and opposite force –q0E has to be applied on the test chargeWork done to move q0 from P to Q through ‘dx’ against q0E is
                           dW = F . dx 
                                  = q0E . dx 
                                  = q0E dx cos 180
                          dW    =  - q0E dx  
                        [image: ]
Total work done to move q0 from A to B (from ∞ to r ) is
                   [image: ]
By definition potential at P is given by
                              [image: ]
     # 1. Electric Potential due to an Electric Dipole
Consider an electric dipole of length 2a. Let P be an axial point at distance r from the centre of the dipole.
                              [image: ]
Electric potential at point P is given as:
[image: Phy_2008_Set1_Delhi_Niraj_SS_html_313ec7f4]


# 2.  At a point on the equatorial line
[image: ]
Potential at P due to –q charge placed at A is
                          [image: ]
Potential at P due to +q charge placed at B is
                      [image: ] 
Therefore net potential at P is 
                             V = VA + VB
                                            [image: ]
                              V = 0
The net electrostatic potential at a point in the electric field due to an electric dipole at any point on the equatorial line is zero. 
*** iii).Electric Potential due to a dipole  *
 Let AB be a dipole of dipole length 2l formed by two point charges -q and +q kept at A and B
respectively as in figure. Let P be a point at a distance r from the centre O of the dipole.
[image: ]
The electric potential due to dipole at the point P,
V = (V1 due to –q) + (V2 due to +q)

                    [image: ]
If the dipole is very short (r >> l), then

                        [image: ]

Electric potential due to a system of charges
Electric potential due to a system of charges is the algebraic sum of potentials due to individual charges. If charges q1, q2 , q3 … qN are located at distances r1, r2, r3, … rN  from a point P, then the resultant potential at P,
                    [image: ]

  #  EQUIPOTENTIAL SURFACES 
    An equipotential surface is a surface with a constant value of potential at all points on the surface. For a single charge q, the potential is given by
                            [image: ]
This shows that V is a constant if r is constant . Thus, equipotential surfaces of a single point charge are concentric spherical surfaces centred at the charge.

	[image: ]
     For an isolated charge


           For a uniform electric field E, say, along the x -axis, the equipotential surfaces are planes normal to the x -axis, i.e., planes parallel to the y-z plane (As shown in Fig )     
[image: ]           
Equipotential surfaces for a uniform electric field.

Note: 1. No work is done in moving a test charge from one point to another on an equipotential surface. 
2. The electric field is always perpendicular to the element dl of the equipotential surface. 
3. Equipotential surfaces indicate regions of strong or weak electric fields                     
      Electric field is defined as the negative potential gradient
                                       [image: ]
    Since dV is constant on equipotential surface, so
                                           E α 1/dr
          If E is strong (large), dr will be small,   i.e. the separation of equipotential surfaces will be smaller (i.e. equipotential surfaces are crowded) and vice versa.
4. Two equipotential surfaces can not intersect.
      If two equipotential surfaces intersect, then at the points of intersection, there will be two values of the electric potential which is not possible.
   Electric potential is a scalar quantity whereas potential gradient is a vector quantity.  The negative sign of potential gradient shows that the rate of change of potential with distance is always against the electric field intensity.
Electrostatic Potential Energy:
The work done in moving a charge q from infinity to a point in the field against the electric force is called electrostatic potential energy.
                                   W = q V
Electrostatic Potential Energy of a Two Charges System is given by
                               [image: ]
Home work 
1. Sketch electric lines of force due to (i) isolated positive change (ie q>0) and (ii) isolated negative charge ( ie q<0)
2. Define the term dipole moment P of an electric dipole indicating its direction. Write its S.I unit. An electric dipole is placed in a uniform electric field E. Deduce the expression for the Torque acting on it.
3. No two electric lines of force can intersect each other? Why?
4. What is an equipotential surface? Show that the electric field is always directed perpendicular to an equi-potential surface
5. Derive an expression for the potential at a point along the axial line of a short electric dipole?
6. Show mathematically that the potential at a point on the equatorial line of an
Electric dipole is Zero?
7. Derive an expression for the total work done in rotating an electric dipole through an
angle q in a uniform electric field?
8. Can we have non-zero electric potential in the space, where electric field strength is zero? Explain with examples 
9. What is the direction of electric field intensity due to an electric dipole at a point on its equatorial line? 
10. Eight dipoles of charges of equal magnitude are placed inside a cube.Calculate the total electric flux coming out of the cube.
11. Draw equipotential surfaces for an isolated point charge.
                                    

Electric Flux 
Electric flux linked with any surface is defined as the total number of electric lines of force that normally pass through that surface.
Electric flux linked with any surface is defined as the total number of electric lines of force that normally pass through that surface.
   [image: ]                                                     [image: ]
        dØ  = E S cosθ
Total electric flux Φ over the whole surface S due to an electric field E  is 
[image: ] = E S cosθ
[image: ]

Electric flux is a scalar quantity.  But it is a property of vector field. SI unit of electric flux is N m2 C-1  or J m C -1

#   Gauss’s Theorem:
The total electric flux through a closed surface is times the charge q enclosed by the closed surface.
                                   [image: Phy_2004_Set1_Delhi_Vandana_SS_html_29bb4b5a]
Proof of Gauss’s Theorem for Spherically Symmetric Surfaces
                           [image: ]
  Consider a positive point charge at O. Let P be a point on the the spherical Gaussian surface of radius r and O as the centre. Electric fiend at P due to charge at O is
                                           [image: ]                                              -------(1) 
By defination flux through surface area ds is given by
[image: ]
      = E S cosθ             
   Where  s = 4πr2 , Surface area of the sphere and θ is the angle between area vector dS and electric field E
Θ = 0, cosθ = 1. Therefore
Ø = E S
                                   [image: ]                                ( From equation 1)
                                    E = q/ ε0
# 1. Electric field intensity at any due to a uniformly charged spherical shell
a)Electric field intensity at any point outside a uniformly charged spherical shell:

      Consider a thin spherical shell of radius R and with centre O. Let charge + q be uniformly distributed over the surface of the shell. Let P be any point on the Gaussian sphere S1 with centre O and radius r, as shown in the following figure.
                        [image: ]
According to Gauss’s law, we can write the flux through ds as:
                 [image: Phy_2008_Set1_Delhi_Niraj_SS_html_5b12bbf2]
At any point on the surface of the shell, r = R
              [image: Phy_2008_Set1_Delhi_Niraj_SS_html_15d33efb]
For charge density σ, q = 4πR2σ
             [image: Phy_2008_Set1_Delhi_Niraj_SS_html_7070d071]
b) Electric field intensity at any point on a uniformly charged spherical shell:
 For a point on a shell R = r
               [image: ]
c) Electric field intensity at any point inside a uniformly charged spherical shell:
                    [image: ]
No charge present inside the Gaussian surface i.e q =0
...  Electric flux, Ø =0 .Hence Electric field, E =0
This property E = 0 inside a cavity is used for electrostatic shielding. 
[image: ]
# 2. Electric field intensity due to an infinitely long straight charged wire
                          [image: ]
  Consider a section of an infinitely long straight charged wire of linear charge density λ. From considerations of symmetry, we can say that the electric field [image: Phy_2004_Set2_Delhi_Vandana_SS_html_2d5b349]is radially directed. Moreover, the magnitude of [image: Phy_2004_Set2_Delhi_Vandana_SS_html_2d5b349]is same at all those points which are equidistant from the wire. A cylinder of height l, radius r, is chosen as the Gaussian surface with the coaxial wire. This cylinder is closed at each end by plane caps normal to the axis. There is no contribution from plane caps because angle between [image: Phy_2004_Set2_Delhi_Vandana_SS_html_2d5b349] and  is .
The magnitude of [image: Phy_2004_Set2_Delhi_Vandana_SS_html_2d5b349]is constant at all points on the curved surface of the cylinder because all points on the curved surface of the cylinder are equidistant from the wire.
Flux through the Gaussian surface
[image: ]
      = E S cosθ             
   Where S, Surface area of the curved surface and θ is the angle between area vector dS and electric field E
Θ = 0, cosθ = 1. Therefore
                                 = E × Area of the curved surface
                                 = E (2πrl)
According to Gauss’s law,
                             [image: New_Phy_2009_Set3_Delhi_saif_chetan_SS_html_m5fd915b2]
    The direction of the electric field intensity is radially outward from the positive line charge.  For negative line charge, it will be radially inward. The electric field intensity is independent of the size of the Gaussian surface constructed.  It depends only on the distance of point of consideration.  i.e. the Gaussian surface should contain the point of consideration. 
        # 3.Electric field intensity due to an infinite plane sheet of charge
        Let us consider a non-conducting sheet of charge with surface charge density σ. Consider a cylinder of length 2r and cross-sectional area A as Gaussian surface. From summitry, electric field [image: Phy_2004_Set1_Outside%20Delhi_Vandana_SS_html_2d5b349]points at right angle to the end caps and away from the sheet. 
[image: ]
     = E S cosθ           
[image: ]
There is no contribution from the curved surface because angle between [image: Phy_2004_Set1_Outside%20Delhi_Vandana_SS_html_2d5b349]and [image: Phy_2004_Set1_Outside%20Delhi_Vandana_SS_html_m1516ef22]is 90°.
At the end faces, angle between [image: Phy_2004_Set1_Outside%20Delhi_Vandana_SS_html_2d5b349]and [image: Phy_2004_Set1_Outside%20Delhi_Vandana_SS_html_m1516ef22]is zero. Θ = 0, cosθ = 1.

∴Total electric flux over the entire surface of the cylinder = 2 Eds
As area of the sheet intercepted by the cylinder is ds,
Total charge enclosed by the cylinder = σds 
According to Gauss’s law in electrostatics, 
                 [image: Phy_2006_Set1_Delhi_Vandana_SS_html_m44a7f7f8]

The direction of the electric field intensity is normal to the plane and away from the positive charge distribution.  For negative charge distribution, it will be towards the plane. 
Note:
The electric field intensity is independent of the size of the Gaussian surface constructed.  It neither depends on the distance of point of consideration nor the radius of the cylindrical surface. 
If the plane sheet is thick, then the charge distribution will be available on both the sides.  So, the charge enclosed within the Gaussian surface will be twice as before.  Therefore, the field will be twice. 
                        E = σ /ε0
Example 1. Consider a uniform electric field E = 3 × 103 î N/C. (a) What is the flux of this field through a square of 10 cm on a side whose plane is parallel to the yz plane? (b) What is the flux through the same square if the normal to its plane makes a 60° angle with the x-axis? 
Ans:(a) Electric field intensity, [image: http://cbse.meritnation.com/img/curr/1/12/16/245/5678/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_2d5b349.gif] = 3 × 103 î N/C
Magnitude of electric field intensity, [image: http://cbse.meritnation.com/img/curr/1/12/16/245/5678/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_132ee3c1.gif]= 3 × 103 N/C
Side of the square, s = 10 cm = 0.1 m
Area of the square, A = s2 = 0.01 m2
The plane of the square is parallel to the y-z plane. Hence, angle between the unit vector normal to the plane and electric field, θ = 0°
Flux (Φ) through the plane is given by the relation,
         Φ = [image: http://cbse.meritnation.com/img/curr/1/12/16/245/5678/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_m58ea659b.gif]
            = 3 × 103 × 0.01 × cos0°
           = 30 N m2/C
(b) Plane makes an angle of 60° with the x-axis. Hence, θ = 60°
              Flux, Φ = [image: http://cbse.meritnation.com/img/curr/1/12/16/245/5678/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_m58ea659b.gif]
                          = 3 × 103 × 0.01 × cos60°
                       [image: http://cbse.meritnation.com/img/curr/1/12/16/245/5678/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_654e1886.gif] 
                      = 15 N m2/C

2. A point charge +10 μC is a distance 5 cm directly above the centre of a square of side 10 cm, as shown in Fig.. What is the magnitude of the electric flux through the square? (Hint: Think of the square as one face of a cube with edge 10 cm.)
Ans:
                             [image: ] 
      The square can be considered as one face of a cube of edge 10 cm with a centre where charge q is placed. According to Gauss’s theorem for a cube, total electric flux is through all its six faces.
                 [image: http://cbse.meritnation.com/img/curr/1/12/16/245/5681/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_13008a7a.gif]
Hence, electric flux through one face of the cube i.e., through the square,
               [image: http://cbse.meritnation.com/img/curr/1/12/16/245/5681/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_m34d1b516.gif]
                [image: http://cbse.meritnation.com/img/curr/1/12/16/245/5681/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_m28835193.gif]
Where,
∈0 = Permittivity of free space
= 8.854 × 10−12 N−1C2 m−2
q = 10 μC = 10 × 10−6 C
∴[image: http://cbse.meritnation.com/img/curr/1/12/16/245/5681/NS_21-10-08_Sravana_12_Physics_1_34_NRJ_SS_html_mc736652.gif]
= 1.88 × 105 N m2 C−1
Therefore, electric flux through the square is 1.88 × 105 N m2 C−1.


Home work
1.State Gauss’ theorem in electrostatics. Using this theorem, derive the expression for the electric field intensity at any points outside a uniformly charged spherical shell.
2. State Gauss’ theorem in electrostatics. Using this theorem, derive an expression for the electric field intensity due to an infinite plane sheet of charge density σ C/m2.
3.State Gauss’ theorem in electrostatics. Using this theorem, derive an expression for the electric field intensity due to an infinitely long, straight wire of linear charge density λ.
4.Define electric flux. Write its S.I. Units. A spherical rubber balloon carries a charge that is uniformly distributed over its surface. As the balloon is blown up and increases in size, how does the total electric flux coming out of the surface change? Give reason.
5. A spherical Gaussian surface encloses a charge of 8.85 × 10-10C.
   (i) Calculate the electric flux passing through the surface.
  (ii) How would the flux change if the radius of the Gaussian surface is doubled and why?
6.Using Gauss’ law, derive an expression for the electric field intensity at any point outside a uniformly charged thin spherical shell of radius R and charge density σ C/m2. Draw the field lines when the charge density of the sphere is (i) positive, (ii) negative.
  (b) A uniformly charged conducting sphere of 2.5 m in diameter has a surface charge  density of 100 μC/m2. Calculate the
   (i) Charge on the sphere
  (ii) Total electric flux passing through the sphere
CAPACITANCES
               Behaviour of Conductors in the Electrostatic Field:
1. Net electric field intensity in the interior of a conductor is zero.
When a conductor is placed in an electrostatic field, the charges (free electrons) drift towards the positive plate leaving the + ve core behind.  At an equilibrium, the electric field due to the polarisation becomes equal to the applied field.  So, the net electrostatic field inside the conductor is zero. 
                                     [image: ]
2. Electric field just outside the charged conductor is perpendicular to the surface of the conductor.
     Suppose the electric field is acting at an angle other than 90°, then there will be a component E cos θ acting along the tangent at that point to the surface which will tend to accelerate the charge on the surface leading to ‘surface current’.  But there is no surface current in electrostatics.  So, θ = 90° and  cos 90° = 0. 
                                   [image: ]
3. Net charge in the interior of a conductor is zero.
     The charges are temporarily separated.  The total charge of the system is zero.
4. Charge always resides on the surface of a conductor.
     Suppose a conductor is given some excess charge q. Construct a Gaussian surface just inside 
the conductor. Since E = 0 in the interior of the conductor, therefore q = 0 inside the conductor.
5. Electric potential is constant for the entire conductor.
                                dV = - E . dr
           Since E = 0 in the interior of the conductor, therefore dV = 0. i.e. V = constant
6. Surface charge distribution may be different at different points.
DIELECTRICS AND POLARISATION
Polar Molecules:
A molecule in which the centre of positive charges does not coincide with the centre of negative charges is called a polar molecule.
Polar molecule does not have symmetrical shape.  Eg. H Cl, H2 O, N H3, C O2, alcohol, etc.
In the absence of external electric field, the permanent dipoles of the molecules orient in random directions and hence the net dipole moment is zero  p = 0
When electric field is applied, the dipoles orient themselves in a regular fashion and hence dipole moment is induced.  Complete alignment is not possible due to thermal agitation.

                        [image: ]
   Non - polar Molecules:
A molecule in which the centre of positive charges coincides with the centre of negative charges is called a non-polar molecule.
Non-polar molecule has symmetrical shape.  Eg. N2 , C H4, O2, C6 H6, etc.

                        [image: ]
In the absence of external electric field,  the effective positive and negative centres coincide and hence dipole is not formed.
When electric field is applied, the positive charges are pushed in the direction of electric field and the electrons are pulled in the direction opposite to the electric field.  Due to separation of effective centres of positive and negative charges, dipole is formed.
Dielectrics:
Generally, a non-conducting medium or insulator is called a ‘dielectric’. Precisely, the non-conducting materials in which induced charges are produced on their faces on the application of electric fields are called dielectrics.
Eg. Air, H2, glass, mica, paraffin wax, transformer oil, etc.
Polarization of Dielectrics:
When a non-polar dielectric slab is subjected to an electric field, dipoles are induced due to separation of effective positive and negative centres.
                            [image: ]

E0 is the applied field and Ep is the induced field in the dielectric.
The net field is ENET= E0 – Ep 
i.e. the field is reduced when a dielectric slab is introduced.
The dielectric constant is given by
                                             [image: ]
K  is known as dielectric constant
      Whether polar or non-polar, a dielectric develops a net dipole moment in the presence of an external field. The dipole
moment per unit volume is called polarisation and is denoted by P. For linear isotropic dielectrics,
                      
                                              P = χ E
Whether χ is a constant characteristic of the dielectric and is known as the electric susceptibility of the dielectric medium.
CAPACITORS AND CAPACITANCE
The measure of the ability of a conductor to store charges is known as capacitance. If the charge  on a conductor is gradually increased, its potential also increases. At any instant the charge q given to conductor is directly proportional to its potential V
                                   q  α  V     or    q  = C V 
                                   [image: ]
  Where C is proportionality constant and is called capacitance of the conductor.
                                If    V = 1 volt,   then  C  = q 
 The capacitance of conductor is defined as the amount of charge that has to be given to it to raise its potential by unity
                                     [image: ]
                          [image: ]
SI Unit of capacitance is ‘farad’ (F).   Symbol of capacitance: [image: ]
Capacitance is said to be 1 farad when 1 coulomb of charge raises the potential of conductor by 1 volt.
   Since 1 coulomb is the big amount of charge, the capacitance will be usually in the range of milli farad, micro farad, nano farad or pico farad.
                mF = 10 -3 F ,                          μF = 10-6 F
                nF = 10-9 F                              pF = 10-12 F
Principle of Capacitance:
	Step 1: Plate A is positively charged and B is neutral.
Step 2: When a neutral plate B is brought near A, charges are induced on B such that the side near A is negative and the other side is positive.
The potential of the system of A and B in step 1 and 2 remains the same because the potential due to positive and negative charges on B cancel out.
Step 3:  When the farther side of B is earthed the positive charges on B get neutralised and B is left only with negative charges.
Now, the net potential of the system decreases due to the sum of positive potential on A and negative potential on B.
To increase the potential to the same value as was in step 2, an additional amount of charges can be given to plate A.
This means, the capacity of storing charges on A increases.
The system so formed is called a ‘capacitor’.

	







Capacitance of Parallel Plate Capacitor:
Parallel plate capacitor is an arrangement of two parallel conducting plates of equal area separated by air medium or any other insulating medium such as paper, mica, glass, wood, ceramic, etc.
                          [image: ]
	  V : Applied potential difference
   A: area of each plate
  d: separation between the plates   
	EO: Electric field between the plates
    σ : Surface charge density



   Consider a parallel plate capacitor with vacuum as medium. From Gauss’s theorem electric field between the two plates is given by
                                                  [image: ]
                                                 [image: ]
For uniform electric field, potential difference is simply the electric field times the distance between the plates, that is,
                                         [image: ]
The capacitance Co of the parallel plate capacitor is then
                                           [image: ]
                                        [image: ]
Capacitance of a parallel plate capacitor is 
(i) directly proportional to the area of the plates and 
(ii) inversely proportional to the distance of separation between them. 
Symbol of capacitor            [image: ]
COMBINATION OF CAPACITORS
 We can combine several capacitors of capacitance C1, C2,…, Cn to obtain a system with some effective capacitance C. The effective capacitance depends on the way the individual capacitors are combined.
Capacitors in series
 Consider three capacitors C1, C2, and C3 are connected in series across a battery of potential difference V. As shown in fig
                                [image: ]
1. Capacitors are said to be in series when they are connected end to end
2. Charge on each capacitors are same
3. Potential across the capacitors are different such that
                  V = V1 + V2 +V3                                              --- (1)
By definition
                 V1 = q/C1  ,           V2 = q/C2    and     V3 = q/C3
From eq (1 )
                      V = q/C1 + q/C2 + q/C3
                                     = q [ 1/C1 + 1/C2 +1/C3]                           -------- (2)
4. Replace the combination by an equivalent capacitor of capacitance C
               V = q /C                                                              ------ (3)
From eq (2) and eq (3)
         [image: ]
      [image: ]
The reciprocal of effective capacitance is equal to the sum of the reciprocals of individual capacitances.
Note:  The effective capacitance in series combination is smaller than the smallest of all the individual capacitances. 
Capacitors in parallel
Consider three capacitors C1, C2, and C3 are connected in series across a battery of potential difference V. As shown in fig
                 [image: ]
1. Capacitors are said to be in series when they are connected between two common points
2. Potential across each capacitors are same
3. Charge on the capacitors are different such that
              q = q1 +q2 +q3                                                  ----------- (1)
but       q1 =C1 V       q2 =C2V   and    q3 = C3V
 Therefore
             q = C1 V + C2V + C3V
                 = V(C1+ C2+ C3)                                       --------(2)
4. Replace the combination by an equivalent capacitor of capacitance C
                 q  = C V                                                     --------- (3)
From eq (2) and eq(3)
               C V = V(C1+ C2+ C3)
               [image: ]
The effective capacitance is the sum of the individual capacitances.
Note:  The effective capacitance in parallel combination is larger than the largest of all the individual capacitances. 
      1.The graph shows the variation of voltage ‘V’ across the plates of two capacitors A and B versus increase of charge ‘Q’ stored on them. Which of the two capacitors has higher capacitance? Give reason for your answer.
[image: Phy_2004_Set1_Delhi_Vandana_SS_html_m4791880e]
Ans:
                            [image: Phy_2004_Set1_Delhi_Vandana_SS_html_3d76646f]
                          [image: Phy_2004_Set1_Delhi_Vandana_SS_html_m2331f219]
                            However, [image: Phy_2004_Set1_Delhi_Vandana_SS_html_m18e7f24a]
                             ∴CA > CB 
                            ∴ Capacitor A has a higher capacitance.
2.The equivalent capacitance of the combination between A and B in the given figure is 4μF.
                                [image: New_Phy_2009_Set2_Delhi_saif_%20chetan_SS_html_59566407]
(i) Calculate capacitance of the capacitor C.
(ii) Calculate charge on each capacitor if a 12 V battery is connected across terminals A and B.
(iii) What will be the potential drop across each capacitor?
Ans:  (i) Let the equivalent capacitance be C′. 20 μF and C μF capacitor are connected.
          [image: New_Phy_2009_Set2_Delhi_saif_%20chetan_SS_html_m262717c3]
        (ii) Q = CV
                = 4 μF × 12 V
               = 4 × 10−6 × 12
              = 48 × 10−6 C
             = 48 μC
(iii) Potential drop across 20 μF capacitor
            [image: New_Phy_2009_Set2_Delhi_saif_%20chetan_SS_html_m7e2cdc8a]
Potential drop across 5 μF capacitor
         [image: New_Phy_2009_Set2_Delhi_saif_%20chetan_SS_html_183da3b9]
3.Three capacitors each of capacitance 9 pF are connected in series.
        (a) What is the total capacitance of the combination?
        (b) What is the potential difference across each capacitor if the combination is connected to a 120 V supply?
Ans: (a) Capacitance of each of the three capacitors, C = 9 pF
Equivalent capacitance (C’) of the combination of the capacitors is given by the relation,
[image: http://cbse.meritnation.com/img/curr/1/12/16/246/6530/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_24873922.gif]
Therefore, total capacitance of the combination is [image: http://cbse.meritnation.com/img/curr/1/12/16/246/6530/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_m5650dd74.gif].
(b) Supply voltage, V = 120 V
Potential difference (V’) across each capacitor is equal to one-third of the supply voltage.
[image: http://cbse.meritnation.com/img/curr/1/12/16/246/6530/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_10b7257e.gif]
Therefore, the potential difference across each capacitor is 40 V.
4.Three capacitors of capacitances 2 pF, 3 pF and 4 pF are connected in parallel.
   (a) What is the total capacitance of the combination?
   (b) Determine the charge on each capacitor if the combination is connected to a 100 V supply. 
Ans:(a) Capacitances of the given capacitors are
[image: http://cbse.meritnation.com/img/curr/1/12/16/246/6531/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_6f32fb45.gif]
 For the parallel combination of the capacitors, equivalent capacitor[image: http://cbse.meritnation.com/img/curr/1/12/16/246/6531/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_27919028.gif]is given by the algebraic sum,
[image: http://cbse.meritnation.com/img/curr/1/12/16/246/6531/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_m11932738.gif]
  Therefore, total capacitance of the combination is 9 pF.
        (b) Supply voltage, V = 100 V
The voltage through all the three capacitors is same = V = 100 V
Charge on a capacitor of capacitance C and potential difference V is given by the relation,
q = VC
For C = 2 pF,
[image: http://cbse.meritnation.com/img/curr/1/12/16/246/6531/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_m37ac10cc.gif]
For C = 3 pF,
[image: http://cbse.meritnation.com/img/curr/1/12/16/246/6531/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_m3f5cccb8.gif]
For C = 4 pF,
[image: http://cbse.meritnation.com/img/curr/1/12/16/246/6531/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_2ebd8a67.gif]
Home work.
1. Define capacitance and write its SI unit..
2. Explain principle of capacitor
3. Derive an expression for capacitance of a parallel plate capacitor with vacuum as medium between the plates.
4. Derive expression for equivalent capacitance when three C1, C2 and C3 are connected in (i)Series     (ii) parallel
5. Calculate the p.d across each capacitor in the given fig
                     [image: ]
6. Is the capacitance of a capacitor proportional to the charge Q ? Sketch a graph to show how the capacitance C of a capacitor varies with the charge given to it.
7. When two capacitors are connected in series, the effective capacitance is 2.4μF and when connected in parallel, the effective capacitance is 10μF. Calculate the individual capacitances.
8. Calculate equivalent capacitance between A and B in the given fig if C1 = 6μF, C2 = 3μF and C3 = 2μF.

[image: ]
[image: ]




ENERGY STORED IN A CAPACITOR
    Consider a capacitor of capacitance C across a constant potential V. Consider a situation when one plate has a charge q′ and the other plate will also have charge −q′.
                                      [image: ]
Suppose the capacitor is charged gradually and at any stage, the charge on the capacitor is q.
∴ Potential of capacitor = [image: Phy_2008_Set1_Outside%20Delhi_SS_html_m44a2ecc5]
Small amount of work done giving an additional charge dq to the capacitor is 
                    [image: Phy_2008_Set1_Outside%20Delhi_SS_html_531e12f6]
Total work done in giving a charge Q to the capacitor
                    [image: Phy_2008_Set1_Outside%20Delhi_SS_html_3a7c7175]
As electrostatic force is conservative, this work is stored in the form of potential energy (U) of the capacitor.
                 [image: Phy_2008_Set1_Outside%20Delhi_SS_html_451a0e8f]
Put Q = CV
             [image: Phy_2008_Set1_Outside%20Delhi_SS_html_10e2619b]
Energy stored in capacitors given by 
                           [image: ]
Energy density of parallel plate capacitor
Now,
             Q = σA where σ → Surface charge density
         [image: Phy_2007_Set1_Outside%20Delhi_Saif]where A → Area of the plates and d → Separation between the plates
Putting these values in equation (1), we obtain
Energy stored =[image: Phy_2007_Set1_Outside%20Delhi_Saif] …(2)
Now, we know that,
Electric field, [image: Phy_2007_Set1_Outside%20Delhi_Saif]
Therefore, energy stored [image: Phy_2007_Set1_Outside%20Delhi_Saif]
Energy density of the capacitor is defined as energy stored per unit volume
 [image: ]
1. A 12 pF capacitor is connected to a 50V battery. How much electrostatic energy is stored in the capacitor? 
Ans: Capacitor of the capacitance, C = 12 pF = 12 × 10−12 F
Potential difference, V = 50 V
Electrostatic energy stored in the capacitor is given by the relation,
                      [image: http://cbse.meritnation.com/img/curr/1/12/16/246/6535/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_312972ad.gif]
2. Find the total energy stored in the capacitors in the given network.
                              [image: Phy_2004_Set1_Delhi_Vandana_SS_html_m52aaf557]
Ans:    2μF and 2μF capacitors are in series. Their equivalent capacitance [image: Phy_2004_Set1_Delhi_Vandana_SS_html_m6db641ad]
The 1μF and 1μF capacitors are in parallel. Their equivalent capacitance = 1 + 1 = 2μF
This 2μF capacitor is in series with the 2μF capacitor connected between the points B and C. Their equivalent capacitance [image: Phy_2004_Set1_Delhi_Vandana_SS_html_m6db641ad]
Finally, we have 1μF capacitance in parallel with 1μF capacitance. Their equivalent capacitance,
             C = 1 + 1 = 2 μF = 2 × 10−6F
             V = 6 V
         ∴ Energy, [image: Phy_2004_Set1_Delhi_Vandana_SS_html_68935b0a]
                             = 3.6 × 10−5 J
 3. A 10 μF capacitor is charged by a 30 V d.c. supply and then connected across an uncharged 50 μF capacitor. Calculate (i) the final potential difference across the combination, and (ii) the initial and final energies. How will you account for the difference in energy?
   Ans: Here,
Capacitance, C1 = 10 μF = 10 × 10−6 F
Voltage, V = 30 V
C2 = 50 μF = 50 × 10−6 F
(i) Charge on μF capacitor = CV = 10 × 10−6 × 30
= 3 × 10−4 C 
∴Final potential difference across the combination
[image: Phy_2004_Set1_Outside%20Delhi_Vandana_SS_html_4d9670d6]
(ii) Initial electric energy of 10μF capacitor: [image: Phy_2004_Set1_Outside%20Delhi_Vandana_SS_html_m24b6aecb]
Final electrostatic energy of the combination
[image: Phy_2004_Set1_Outside%20Delhi_Vandana_SS_html_6414a6dd]
Electrostatic energy of the first capacitor is lost in the form of heat and electromagnetic radiation.
   4.  Three identical capacitors C1, C2 and C3 of capacitance 6 μF each are connected to a 12 V  battery as shown.
                            [image: New_Phy_2009_Set1_Delhi_chetan_saif_SS_html_38056e4c]
Find 
(i) charge on each capacitor 
(ii) equivalent capacitance of the network
(iii) energy stored in the network of capacitors
Ans: C1 and C2are in series with each other while C3    is in parallel with the combination formed by C1 and C2. The 12 V battery is in parallel with C3.  
          Total voltage drop across C3 = 12 V
         q3 = CV
        Where, q = Charge on the capacitor
      C1, C2, C3 = 6 μF 
      q3 = 6 × 12 = 72 μC
      Voltage drop across C1 and C2 combined will be 12 V.
     Let the voltage drop at C1 = V1
    Let the voltage drop at C2 = V2
   Then,
   V = V1 + V2
  [image: New_Phy_2009_Set1_Delhi_chetan_saif_SS_html_8ffb182]
  As both the capacitors are in series,
  [image: New_Phy_2009_Set1_Delhi_chetan_saif_SS_html_2651a490]
  Then,
    [image: New_Phy_2009_Set1_Delhi_chetan_saif_SS_html_39870fd]
    Or,
   q = 36 micro coulombs
  Thus, charge on each of C1 and C2 is 36 coulombs.
Total Capacitance 
       C = 9μF
And
 Total Energy stored
[image: ]
 U = ½ x9x10-6 x 12x12
    = 0.648 x 10-3 J
Homework
1. Derive an expression for the energy stored in a parallel plate capacitor. Show that this energy can be expressed in terms of electric field as [image: Phy_2007_Set1_Outside%20Delhi_Saif]where A is the area of each plate and d is the separation between the plates.
2. A capacitor of 60C is connected to 200V supply and another capacitor of 30C is connected to 100V . Find the charge and energy stored on each capacitor. Now these 2 capacitors are disconnected from the supply and are joined to each other such that  positive plate of 1st is connected to positive plate of 2nd and similarly negative plates of both are also joined together. Find the loss in energy for the system. 
3. In the given network C1 =200pF and C2 = 100pF. Calculate (i) equivalent capacitance of the network and (ii) energy stored in the network of capacitors   ( Ans- C =100pF & U = 4.5 x 10-6J)
                                                    [image: ]

EFFECT OF DIELECTRIC ON CAPACITANCE
[Capacitance of Parallel Plate Capacitor with Dielectric Slab]
                              [image: ]
Consider parallel plate capacitors each of area A, separated by a distance d. The charge on the plates is ±q, corresponding to the charge density ±σ. When there is vacuum between the plates
                                                   [image: ]
 and the potential difference V0 is
                                                    V0 = E0d
The capacitance C0 in this case is
                           [image: ]
Consider next a dielectric of dielectric constant K, thickness t and area A inserted between the plates.
                                          [image: ]
so that the potential difference across the plates is

                                      V = E0 (d - t) + E t
                                         = E0 (d –t) + E0 / K
                                         = E0 [d –t +1/K )   
                                          [image: ]

The capacitance C, with dielectric between the plates, is then
                                      [image: ]
If  t =d then
                                          [image: ]
                                               C = K C0
                                            [image: ]                     
                                                 ∴ C > C0                                     
                  
     For dielectric K > 1.Thus, the dielectric constant of a substance is the factor by which the capacitance increases from its vacuum value, when the dielectric is inserted fully between the plates of a capacitor.

              VAN DE GRAAFF GENERATOR

          Van de Graaff generator is an electrostatic generator which uses a moving belt to accumulate very high voltages on a hollow metal globe on the top of the stand. It was invented by American physicist Robert J. Van de Graaff in 1929. The potential difference achieved in modern Van de Graaff generators can reach 5 megavolts

Principle:

            Consider two charged conducting spherical shells such that one is smaller and the other is larger. When the smaller one is kept inside the larger one and connected together, charge from the smaller one is transferred to larger shell irrespective of the higher potential of the larger shell. i.e.  The charge resides on the outer surface of the outer shell and the potential of the outer shell increases considerably.
Sharp pointed surfaces of a conductor have large surface charge densities and hence the electric field created by them is very high compared to the dielectric strength of the dielectric (air).  
Therefore air surrounding these conductors gets ionized and the like charges are repelled by the charged pointed conductors causing discharging action known as Corona Discharge or Action of Points.  The sprayed charges moving with high speed cause electric wind.
Opposite charges are induced on the teeth of collecting comb (conductor) and again opposite charges are induced on the outer surface of the collecting sphere (Dome).
Construction:
    Van de Graaff Generator consists of a large copper spherical shell (S) supported on an insulating stand which is of several metres high above the ground. A belt made of insulating fabric (silk, rubber, etc.) is made to run over the pulleys operated by an electric motor such that it ascends on the side of the combs.  
      Comb near the lower pulley is connected to High Voltage Rectifier whose other end is earthed.  Comb near the upper pulley is connected to the sphere through a conducting rod.To avoid the leakage of charges from the sphere, the generator is enclosed in the steel tank filled with air or nitrogen at very high pressure
                         [image: ]                   

	 
Working:
Let the positive terminal of the High Voltage Rectifier (HVR) is connected to the comb (C1).  Due to action of points, electric wind is caused and the positive charges are sprayed on to the belt (silk or rubber). The belt made ascending by electric motor  and pulley (P1) carries these charges in the upward direction.
The comb (C2) is induced with the negative charges which are carried by conduction to inner surface of the collecting sphere (dome) S through a metallic wire which in turn induces positive charges on the outer surface of the dome.  
The comb (C2) being negatively charged causes electric wind by spraying negative charges due to action of points which neutralize the positive charges on the belt.  Therefore the belt does not carry any charge back while descending. 
The process continues for a longer time to store more and more charges on the sphere and the potential of the sphere increases considerably.  When the charge on the sphere is very high, the leakage of charges due to ionization of surrounding air also increases. 
Maximum potential occurs when the rate of charge carried in by the belt is equal to the rate at which charge leaks from the shell due to ionization of air.

Uses:
Van de Graaff Generator is used to produce very high potential difference (of the order of several million volts) for accelerating charged particles.
The beams of accelerated charged particles are used to trigger nuclear reactions.
The beam is used to break atoms for various experiments in Physics.
In medicine, such beams are used to treat cancer.
It is used for research purposes.

1. A parallel plate capacitor, each with plate area A and separation d, is charged to a potential difference V. The battery used to charge it is then disconnected. A dielectric slab of thickness d and dielectric constant K is now placed between the plates. What change, if any, will take place in 
(i) charge on the plates
(ii) electric field intensity between the plates
(iii) capacitance of the capacitor
Justify your answer in each case.
Ans:  (i) The charge q on the capacitor plates remains constant because the battery is disconnected from the capacitor.
(ii) The electric field intensity between the capacitor plates decreases due to the introduction of a dielectric. Introduction of dielectric field creates an intrinsic electric field directed opposite to the original electric field. This is why the electric field intensity decreases.
(iii) The capacitance of the capacitor increases due to the introduction of a dielectric.
Electric field decreases, therefore, the capacitor can get more charge to bring back the electric field to its original value. This increases the capacity of holding the charge and hence the capacitance increases
2. A parallel plate capacitor with air between the plates has a capacitance of 8 pF (1pF = 10−12 F). What will be the capacitance if the distance between the plates is reduced by half, and the space between them is filled with a substance of dielectric constant 6?
 Ans: Initially, distance between the parallel plates was d and it was filled with air. Dielectric constant of air, k = 1
Capacitance, C, is given by the formula,
                  [image: http://cbse.meritnation.com/img/curr/1/12/16/246/6528/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_m48d1918b.gif]
Where,
A = Area of each plate
[image: http://cbse.meritnation.com/img/curr/1/12/16/246/6528/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_149b60d9.gif]= Permittivity of free space
If distance between the plates is reduced to half, then new distance, d’ = [image: http://cbse.meritnation.com/img/curr/1/12/16/246/6528/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_m83168b7.gif]
Dielectric constant of the substance filled in between the plates, [image: http://cbse.meritnation.com/img/curr/1/12/16/246/6528/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_2ffc626.gif] = 6
Hence, capacitance of the capacitor becomes
                [image: http://cbse.meritnation.com/img/curr/1/12/16/246/6528/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_m75b35eac.gif]
Taking ratios of equations (i) and (ii), we obtain
                [image: http://cbse.meritnation.com/img/curr/1/12/16/246/6528/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_m61660651.gif]
Therefore, the capacitance between the plates is 96 pF.
   3.In a Van de Graaff type generator a spherical metal shell is to be a 15 × 106 V electrode. The dielectric strength of the gas surrounding the electrode is 5 × 107 Vm−1. What is the minimum radius of the spherical shell required?
Ans: Potential difference, V = 15 × 106 V
Dielectric strength of the surrounding gas = 5 × 107 V/m
Electric field intensity, E = Dielectric strength = 5 × 107 V/m
Minimum radius of the spherical shell required for the purpose is given by,
                          [image: http://cbse.meritnation.com/img/curr/1/12/16/246/6616/NS_22-10-08_Sravana_12_Physics_2_37_NRJ_SS_html_10d055e3.gif]
Hence, the minimum radius of the spherical shell required is 30 cm.

Home work
1. A conducting stab of thickness ‘t’ is introduced without touching between the plates of a parallel plate capacitor separated by a distance d (t<d). Derive an expression for the capacitance of a capacitor?
2. An air capacitor is given a charge of 2 mC raising its potential to 200 V. If on inserting a dielectric medium, its potential falls to 50 V, what is the dielectric constant of the medium?
3. With the help of a labelled diagram, explain the principle, construction and working of a Van de Graff generator. Mention its applications?







MODEL TEST PAPER
SUB: PHYSICS                                                                                             MARKS: 25
TOPIC:   ELECTROSTATICS                                                                          TIME: 60 MIN                                                                           
GENRAL INSTRUCTIOS:
i. Q No 1 to 5 carries one marks each,          ii) Q No 6 to 9 carries two marks each,
iii) Q No 9 to 13 carries three marks each
-------------------------------------------------------------------------------------------------------------------------
1. An electric dipole of dipole moment 20 × 10−6 Cm is enclosed by a closed surface. What is the net flux coming out of the surface?
2. A spherical Gaussian surface encloses a charge of 8.85 × 10-10C.
        (i) Calculate the electric flux passing through the surface.
        (ii) How would the flux change if the radius of the Gaussian surface is doubled and why?
3.  Can two equi-potential surfaces intersect each other? Give reasons.
4. Define the term ‘dielectric constant’ of a medium in terms of capacitance of a capacitor.
5. What is the order of voltages that can be built up using a Van De Graff generator?
6. An electric dipole of length 4 cm, when placed with its axis making an angle of 60° with a uniform electric field, experiences a torque of [image: Phy_2004_Set1_Outside%20Delhi_Vandana_SS_html_1fd25ae7]Nm. Calculate the  magnitude of the electric field  if the dipole has charges of ± 8 μC
7. A thin conducting spherical shell of radius R has charge Q spread uniformly over its surface. Draw a graph of electric field E(r) with distance r from the centre of the shell for 0 ≤ r ≤ ∞.
8. .A 500 μC charge is at the centre of a square of side 10 cm. Find the work done in moving a charge of 10 μC between two diagonally opposite points on the square.
9. Three identical capacitors C1, C2 and C3 of capacitance 6 μF each are connected to a 12 V battery as shown.
[image: New_Phy_2009_Set1_Delhi_chetan_saif_SS_html_38056e4c]
Find (i) charge on each capacitor 
        (ii) equivalent capacitance of the network
       
10. A 10 μF capacitor is charged by a 30 V d.c. supply and then connected across an uncharged 50 μF capacitor. Calculate (i) the final potential difference across the combination, and (ii) the initial and final energies. How will you account for the difference in energy?
11. Derive an expression for energy store in the capacitors
12. Two point charges of +20μC and 80μC are placed 18cm apart. Find the position of the point, where electric field is zero.
13.  State Gauss’ theorem in electrostatics. Using this theorem, derive an expression for the electric field intensity due to an infinite plane sheet of charge density σ C/m2.
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