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Topic 9. 4h Electric field. Electric current.
Electric charge is a fundamental property of matter: the amount of charge that is “on” or “carried by” a particle determines how the particle reacts to electric and magnetic fields. 
Charge (denoted q  or  Q) is measured in coulombs (C). 
Electric charge is conserved. That is, the total charge of the universe is a constant. Although charge cannot be created or destroyed, it can be transferred between objects in contact.  
All objects consist of negatively charged electrons and positively charged protons, and, depending on the balance of the two, can themselves be either positively or negatively charged.
Electric fields
An electric field is said to exist in the region of space around a charged object. When another charged object enters this electric field, an electric force acts on it. 

The electric field  E  at a point in space is defined as the electric force  Fe , acting on a positively charged test object  placed at that point, divided by the magnitude of the charge q0
[image: image55.png]


.
The vector E has the SI units of volts per meter (V/m), and its direction is the direction of the force a positive test charge experiences when placed in the field. 
An electric field exists at a point if a charge at rest at that point experiences a force. 
Once the electric field is known, the force exerted on charged particle is 
[image: image2.emf].

According to Coulomb’s law, the force exerted by q1 on the test charge q2 is

[image: image3.emf]
ε0  is yet another physical constant called the permittivity of free space, having the value

ε0 = 8.85 ∙ 10-12 C2 ∙ N-1 ∙ m-2 .
The direction of the electric force on each of the charges is along the line that connects the two charges. This force is repulsive for like charges and attractive for opposites.

Every charge creates around it an electric field, proportional to the size of the charge and decreasing as the inverse square of the distance from the charge
[image: image4.emf].
Electric fields “superimpose,” or add. Thus the field generated by a collection of charges is just the sum of the electric fields generated by each of the individual charges.  
[image: image5.emf]
This superposition principle applied to fields follows directly from the superposition property of electric forces. 
If the charge distribution is continuous then the total electric field can be calculated by integrating the electric fields  d E  generated by each small chunk of charge  dq   
[image: image6.emf].
When performing such calculations, it is convenient to use a volume charge density ρ 

[image: image7.emf],        [image: image8.emf],
ρ  has units of coulombs per cubic meter (C/m3).

A convenient way of visualizing electric field patterns is to draw electric field lines that follow the same direction as the electric field vector at any point. These lines are related to the 
electric field in any region of space in the following manner:

• The electric field vector E  is tangent to the electric field line at each point.

• The number of lines per unit area through a surface perpendicular to the lines is proportional to the magnitude of the electric field in that region. 
Thus, E is great when the field lines are close together and small when they are far apart.
Definition of the electric flux  ΦE. If the field  E  makes an angle α  with the surface of area  A, the flux ΦE  of  an electric field  E  through the surface is defined as 
[image: image9.emf]
The scalar ΦE  has the SI units of weber (Wb) .
We can generalize this to non-flat surfaces by breaking up the surface into small patches which are flat and then integrating the flux over these patches. Thus, the total flux ΦE  is:

[image: image10.emf]
By convention, the flux through a surface is 
· positive if the field is directed out of the region contained by the surface, 
· negative if the field is directed into the region.
Gauss’s law states that the electric flux through any closed surface is proportional to the total charge completely enclosed by the surface:

[image: image11.emf]
Gauss’s law with dielectric can be rewritten as

[image: image12.emf] [image: image13.emf]
where  ε = ε0k  is called the dielectric permittivity. Alternatively, we may also write

[image: image14.emf]      [image: image15.emf]
where   D  is the electric displacement vector, has units of coulombs per square meter (C/m2).
Electric potential

When the charge is moved in the field by external agent, the work done by the field on the charge is equal to the negative of the work done by the agent causing the displacement. 
For an infinitesimal displacement  ds,  the work done by the electric field on the charge is 

[image: image16.emf]
As work is done by the field, potential energy of the charge is decreased by an amount 

[image: image17.emf]
For a finite displacement of the charge from  A  to  B, the change in potential energy is

[image: image18.emf]
The integration is performed along the path that  q0  follows as it moves from A to B. This line integral does not depend on the path taken from A to B, because the force  q0E  is conservative. 
A force  F  is conservative if the line integral of the force around a closed loop vanishes:
[image: image19.emf]
The potential energy per unit charge  U/q0  is independent of the value of  q0  and has a unique value at every point in an electric field. This quantity is called the electric potential V:
[image: image20.emf]
Electric potential is a scalar characteristic of an electric field, has units of volt (V).

A charge q  in potential V will have a potential energy 
U = qV.

As long as the potential is not constant, the object will feel a force, in a direction such that its potential energy is reduced. Mathematically that is the same as saying that 
F = − gradU,
hence, since 
F = qE ,      E = − gradV .
That is, if you think of the potential as a landscape of hills and valleys (where hills are created by positive charges and valleys by negative charges), the electric field will everywhere point the fastest way downhill. 
An equipotential surface is one on which all points are at the same electric potential. Equipotential surfaces are perpendicular to electric field lines. 

The electric potential due to a point charge at any distance r  from the charge is

[image: image21.emf]
We can obtain the electric potential associated with a group of   n  point charges by summing the potentials due to the individual charges (principle of superposition):

[image: image22.emf]
The electric potential due to a continuous charge distribution is

[image: image23.emf]
The electric field stores energy. The energy density in the electric field is given by

[image: image24.emf]
SI unit of energy density is joules per cubic meter ( J/m3 ).
The potential energy associated with a pair of point charges separated by a distance r12 is

[image: image25.emf]
It represents the work required to bring the charges from an infinite separation to r12 . 

Conductors
The basic properties of a conductor are  

· the electric field inside a conductor is zero; 

· any net charge must reside on the surface of the conductor; 

· the surface of a conductor is an equipotential surface; 

· just outside the conductor, the electric field is normal to the surface.
Because the electric field is zero inside the conductor, the electric potential is constant everywhere inside the conductor and equal to its value at the surface.
When a net charge is placed on a spherical conductor, the surface charge density is uniform. However, if the conductor is nonspherical, the surface charge density is:

· high where the radius of curvature is small and the surface is convex, 
· low where the radius of curvature is small and the surface is concave. 
Because the electric field just outside the conductor is proportional to the surface charge density, we see that the electric field is large near convex points having small radii of curvature and reaches very high values at sharp points.

This result explains how a lightning rod works. The large electric field near the tip causes nearby air molecules to be ionized in an effect known as dielectric breakdown. The resulting electrons and ions in the air near the tip are then able to carry charge to the rod. 

The dielectric breakdown occurs near the sharp tip of the lighting rod, so the large current from a lightning bolt is carried only to the rod and not to the rest of the building.
Now consider a conductor of arbitrary shape containing a cavity. Let us assume that no charges are inside the cavity. In this case, the electric field inside the cavity is  zero regardless of the charge distribution on the outside surface of the conductor. 
The field in the cavity is zero even if an electric field exists outside the conductor. Thus, a cavity surrounded by conducting walls is a field-free region as long as no charges are inside.
This method of  shielding  has many applications. For example, it is used to construct shielded cables. The shielding keeps electric fields produced by other appliances from penetrating inside the cable and causing “noise” in the carried signals.

Capacitance
Capacitance is a property of an electric conductor, or set of conductors, that is measured by the amount of electric charge that can be stored on it per unit change in electrical potential.

Capacitance also implies an associated storage of electrical energy. If electric charge is transferred between two initially uncharged conductors, both become equally charged, one positively, the other negatively, and a potential difference is established between them.
The capacitance  C is the ratio of the magnitude of the charge  Q  on either conductor to the potential difference V  between the conductors
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Capacitance is a measure of a capacitor’s ability to store charge and electric energy. 
The unit of capacitance - named the farad (symbolised F) is one coulomb per volt. Typical devices have capacitances ranging from microfarads (10-6F) to picofarads (10-12 F). 

The equivalent capacitance of a parallel combination of capacitors is

[image: image27.emf]
The equivalent capacitance of a series combination is

[image: image28.emf]
The work done in charging a capacitor to a voltage  U  is

[image: image29.emf]
This is equal to the amount of energy stored in the capacitor.


When a dielectric material with dielectric constant  ke is inserted into a capacitor, the capacitance increases by a factor ke:    C = keC0.
Electric dipoles
The electric dipole is a very common charge distribution consisting of a positive and negative charge of equal magnitude  q,  placed some small distance  d  apart.  
We describe the dipole by its dipole moment  p, 
p = qd
which points from the negative to the positive charge. 
Like individual charges, dipoles both create electric fields and respond to them.  
The electric forces acting on the two charges are equal in magnitude but opposite in direction. They produce a net torque on the dipole

[image: image30.emf]
As a result, the dipole rotates in the direction that brings the dipole moment vector into greater alignment with the field. 
The potential energy of an electric dipole in a uniform external electric field is

[image: image31.emf].
Dielectrics

Charges rearrange themselves so that there is no static electric field within a conductor. In a dielectric, charges are not free to move far enough to completely cancel the effect of any external electric field, but they can move far enough to cause a partial cancellation. 

The result is a induced electric field Ep, which is in the opposite direction to the external electric field E0.  The total field E within the dielectric is the sum of these two fields:
[image: image32.emf]
The induced electric field  Ep  due to polarization is

[image: image33.emf]
where the polarization vector  P  is the electric dipole moment per unit volume:

[image: image34.emf]
In simple materials (linear dielectrics) all three vectors are parallel and  Ep  is proportional to  E. Then we can define the  electric susceptibility  χ  by the equation 
Ep = −χE. 
The external field is 

[image: image35.emf].
The dimentionless factor  

κe = 1+χ
 is called the dielectric constant of the dielectric. 
The total electric field  E  within the dielectric is reduced by the factor  1/κe  from that which would exist without the dielectric. 
The dielectric constant for typical nerve membranes is about 7. The dielectric constant of water is high (around 80) because the water molecules can easily reorient their charged ends. 

Electrocardiography

Electrography is a complex of methods based on registration and measuring of electric potentials of  biological objects, particularly for diagnostic purposes.   
[image: image53.emf]A good illustration for it is the electrocardiography. 
An electrocardiogram (ECG) (figure) is a recording of the electrical activity of the heart over time produced by an electrocardiograph, usually in a noninvasive recording via skin electrodes.
Direct electric current 


Many electric phenomena occur under what is termed steady-state conditions. In an electric circuit under steady-state conditions, the flow of charge does not change with time and the electric potentials remain unaltered with time. 
Any device capable of keeping the potentials of electrodes unchanged as charge flows from one electrode to another is called a source of electromotive force. 

The electromotive force (emf) E over a circuit is equal to the ratio of the work  Wext  done by nonelectrostatic forces in moving a charge to the magnitude of the charge  q:
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The voltage U  over a segment of a circuit is equal to the ratio of the total work  W  done by all forces in moving a charge along this segment to the magnitude of the charge  q:
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The voltage U  over a segment of a circuit is equal to the sum of the potential difference and of the electromotive force
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If a segment of a circuit is uniform and not subject to extraneous forces, the emf equals zero and the voltage equals to potential difference.

The electromotive force, voltage and potential difference are measured in volts (V).

The current  I is the amount of charge crossing a plane transverse to the wire per unit time. The unit of current is the ampere (A). 
If the current changes with time, we define the instantaneous current as the instantaneous rate at which charge Q  passes through an area:
[image: image39.emf]
Current is a scalar quantity, as both charge and time are scalars, but it has a sign:

The direction of the current is the direction in which positive charge carriers would move, even if the actual charge carriers are negative charges moving in the opposite direction. 

The instrument for measuring electric current is called ammeter. By simply measuring the current, it is not possible to determine the sign of the charges that move. 
Current Density

Sometimes we must deal with the details of charge motion, not just an overall movement. In that case we work with current density J, which is the rate of charge flow per unit area. 
Current density J is a vector, with units of amperes per square meter.
The direction of  J  is the direction of the net flow of positive charges at particular infinitesimal element of area. Since the area is tiny, it forms a plane and its direction is unambiguous.

The differential current dI  flowing through  area dA  is

[image: image40.emf]
where  θ is the angle between  J  and the area element  dA.  The total current  is:

[image: image41.emf]
Consider charged particles each of charge  q. The number of charged particles per unit volume is  nq. Under the influence of an external electric field, these particles acquire some average drift velocity  vd . Then

[image: image42.emf]
For many materials, the current density J  is directly proportional to the electric field. This behaviour is represented by Ohm's law: 
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The proportionality constant  σ  is the conductivity of the material. Conductivity characterises materials on the basis of  how well electric current flows in them. The unit of conductivity is mho per metre, or ampere per volt-metre. 
The reciprocal of the conductivity  σ  is called resistivity ρ, unit is ohm-metre. 
Using resistivity ρ, Ohm's law may be  represented by
[image: image44.emf]
If the wire has a length  L and area  A, the quantity  R
 [image: image45.emf]
is called the resistance. The unit of resistance is the ohm, (Ω). 

Resistance is the property of an electric circuit or part of a circuit that transforms electric energy into heat energy in opposing electric current. 
The instrument for measuring electrical resistance, is called ohmmeter. 
When the resistance of a material is constant over a range of potential differences, we say that the material is ohmic. A  piece of ohmic material with a specific value of resistance is a resistor. It forms a part of many circuits.
The reciprocal of the resistance, 1/R, is called the conductance and is expressed in mho. 
The rules how to find equivalent resistors:

to  n resistors in series
[image: image46.emf]
to  n  resistors in parallel,

[image: image47.emf]
Any particular configuration of resistors can be reduced to a sequence of series and parallel connections. It is possible to find a single equivalent resistance. 
Kirchhoff's laws of electric circuits

Kirchhoff's laws are as follows:

1. The sum of currents entering a junction equals the sum of currents leaving that junction
[image: image48.emf].

2. The sum of electromotive forces in a loop equals the sum of potential drops in the loop
[image: image49.emf]
Kirchhoff's laws can be applied to circuits with several connected loops. The same rules apply, though the algebra required becomes rather tedious as the circuits increase in complexity.
Conductors, insulators, semiconductors and superconductors
Conductors are materials through which charge moves easily, insulators are materials through which charge does not move easily, semiconductors are materials intermediate to conductors and insulators, and superconductors are materials that  at sufficiently low temperatures carry current with no opposition whatsoever. 
The values of resistivities show an extremely large variation in the capability of different materials to conduct electricity. The principal reason for the large variation is the wide range in the availability and mobility of charge carriers within the materials. 
In 1911, H. Kammerlingh Onnes found that mercury abruptly loses all of its resistance at a critical temperature Tc = 4.1K  This state of zero resistance persists at temperatures below Tc. A material that exhibits zero resistance at some critical temperature is called a superconductor.

The prospect of having an electric current that lasts forever is an enticing one. It implies, among other things, the cheap transmission of electricity. 
Until 1986, the materials with the highest-known values of Tc became superconducting at 23K. In 1986  K. Alex Muller and J. George Bednorz discovered a new class of materials for which Tc is much higher; superconductors are now known that have a Tc above 120K (-153°C). 
This discovery has great technological implications because such materials can be cooled relatively cheaply with nitrogen (which is liquid at 77K). Research in both the basic physics behind these materials and their technological applications is of active interest.
Conductivity of  liquids

Electrical conduction in solids is associated with the drift of free electrons in the solid. A similar mechanism may be used to account for the conduction of electricity in liquid metals. In other liquids electricity is conducted by the migration of ions through the liquid.

When two terminals, or electrodes, are immersed in a liquid and a source of emf is connected to them, there will be a current through the liquid.

Under the influence of the electric field established between the positive terminal, or anode, and the negative terminal, or cathode, the ions drift through the liquid. In general, if  n+  is the number of positive ions per unit volume moving with an average drift velocity v+, and  n_  is the number of negatively charged ions per unit volume: moving with a drift velocity v_, we find the current density J  in the liquid to be

J = n+q+v+  +  n_q_v_.

The drift of the positive ions is in the direction of the current, while the drift of negative ions is opposite to the direction of the current.

The electrical conductivity of a liquid depends upon the number of ions per unit volume and upon their drift velocity. The drift velocity of an ion varies with the electric field intensity, with the mass of the ion, and with other factors as well. Thus the electrical conductivity of different liquids may be expected to have widely different values.

Oily substances are very poor conductors of electricity, with conductivity of about 10-10 mho/m. Such oils find application as insulating oils in electrical apparatus. 
Pure solvents such as water or alcohol are relatively poor conductors, with a conductivity of about 10-4 mho/m. 

The conductivity of solutions of chemical salts in water is much higher, being about 10 mho/m. Such solutions are generally classed as good conductors and are called electrolytic solutions. The dissolved substance, or solute, is known as the electrolyte. 
While the conductivity of electrolytes is quite high compared to the conductivity of the pure solvent, their conductivity is small compared to a metallic conductor such as copper whose conductivity is about 108 mhos/m. 
Electrophoresis is an interesting application based on the mobility of particles suspended in an electrolytic solution. Different particles  move in the same electric field at different speeds; the difference in speed can be utilised to separate the contents of the suspension.  

Electric power lost
Just as  mechanical friction generates heat, the passage of a current through a resistor generates heat, and in this way some electric energy is lost due to resistance. 

To calculate the energy lost per unit time when a charge moves in a material, consider a small charge dq  that moves through a potential difference V.

The change in the potential energy  dU  is equal to the work done  dW  by the electric force due to the potential difference, and is given by  dU = Vdq. The electric power lost, the rate at which energy is expended by the force that pushes the charge, is

[image: image50.emf]
Current   I = dq /dt,   so
P = VI.
This result is independent of the type of material and of the nature of the charge movement. 
Power has SI units of watts (W). 

For ohmic materials,  V = IR,  where  R is a constant. Thus the power expenditure is

[image: image51.emf]
Equivalently, we can find that

[image: image52.emf]
The power lost in a resistor appears in the form of thermal energy and is called Joule heating.
Thermoelectric Effects

Joule heating is an irreversible process, for heating a conductor to uniform temperature does not generate an electric current. 
Besides the Joule effect, there are several reversible thermoelectric effects.

The most frequently applied of these effects is called the Seebeck effect: 
If wires of two dissimilar metals are joined at their ends, and these ends are maintained at different temperatures, a current may be observed in the wires of the circuit. 
[image: image54.emf]It is possible to analyze the current in terms of a thermal emf developed at the junctions of the wires and the resistance of the circuit.

The primary application of the Seebeck effect is in the measurement of temperature through a device called a thermocouple. 
When there is a current in a thermocouple circuit because of a difference in temperatures at the two junctions, heat is absorbed at the higher temperature junction, and a smaller quantity of heat is emitted at the cooler junction, the difference between the two quantities of heat being converted into electrical energy.

The electromotive force E of a thermocouple depends upon the nature of the two metals used and the temperatures of the junctions T1 and T2: 
E = α (T1 – T2).

Constant  α depends upon the nature of the two metals used.
The Peltier effect is the inverse of the Seebeck effect: 
When there is a current through the junction of two dissimilar metals, the temperature of the junction changes. 
An emf is developed at the junction as electrons from one metal diffuse into the other metal. When the current is in the direction of the emf, the temperature of the junction falls, while if it is in the opposite direction, the temperature of the junction rises. 
The Peltier effect in an arrangement of wires of two dissimilar metals similar to a thermocouple may be thought of as an electrically operated heat pump.

A third thermoelectric effect, called the Thomson effect:

 When different parts of the same metallic conductor are maintained at different temperatures, differences of potential may be observed in the conductor. 

Like the molecules of a gas, the electron density is highest where the temperature is lowest. The low-temperature portions of the conductor become negatively charged and thus are at lower potentials with respect to regions of the conductor at higher temperature.
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