3] CURRENT ‘ .
" In electrostatics we have been concerned with stationary electric charges. If a free charge
o placed in an elec?nc field it will be acted on by a force and will move in the direction of
fines Offgyrce. In an isolated metallic conductor, the free electrons present in it are in random
notion llke the mqlecules of a gas and the net rate at which electrons pass through any
hvpothet}ffﬂ] plane is zero. If the ends of the conductor are connected to a battery, an electric
field E will be set up at every point with in the conductor. This field will act on the electrons
and will give them a resultant motion in the direction — E. This flow of electrons constitutes
an electric current and the strength of electric current also known as current is defined by the
rate at which'charge passes a specified point or through any specified surface area (ie., | =
g/t where ¢ is the net charge passes in time £), In SI units its unit is ampere, the coulomb
per second. It is also the practical unit. If the rate of flow of charge with time is not constant,
ie., the current varies with time, then at any instant ¢ current is defines as |
: , i ="dq/dt. A1)
In metals the charge carriers are the free electrons. In electrolytes or in gaseous conductors
the positive and negative ions travel in opposite directions. As the positive 1ons move slower
and electrons, the negative ions, move faster, the net motion of charge is due to negatively
charged electrons. This type of current is known as conduction current. It may be defined as
the steady and orderly movement of free charged particles occurring in a conductor under the
influence of an electric field. Liquids and gases may also undergo hydrodynamic motion, which
will produce currents, known as convection currents. In this chapter we are not going to discuss
convection currents, which are important in atmospheric electricity and in vacuum tubes.

8.2 CURRENT DENSITY, EQUATION OF CONTINUITY

Current is a characteristic of a particular conductor, like the mass, volume, etc. of an object
and hence is a macroscopic quantity. A related microscopic quantity is the vector j, the current
density, which is a characteristic of a point inside the conductor rather than of the conductor
as a whole. It is having direction of the flow of positive charge and a magnitude equal to the
current per unit area through an infinitesimal area normal to the direction of current flow.
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Thus current density at a given point is the current through a unit normal area at that point.

It 1s measured in amperes/meter? or coulomb/meter? x sec. If the current is distributed
uniformly, the magnitude of j for all points on the cross sectional area S is given by j = i/8.

The current through any small area A S (Fig. 8.1) is given by Ai =j. A S. It is same as
through the area A S cos 6 perpendicular to j. Thus for large areas, we can write |

= o 5. (2)

The value of the integral is independent of the shape of surface taken. The relation (2)

- shows that the current is the flux associated with j and is a scalar because the integrand j. dS

is a scalar. The arrow often associated with the current in a conductor does not indicate that

the current is a vector but shows only the sense of charge flow. Current is not a vector quantity

as it does not obey the vector laws. It remains unchanged if the wire is bent, tied into a knot

or distorted. The current is known as steady or stationary current if j remains constant

everywhere.
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* Fig. 8.1 Current through a small element. Fig. 8.2. Charge in a cylindrical volume.

~ To derive an expression for current density, consider a special case in which all the charg®.
‘carriers have the same charge ¢ and move with the same velocity v. In a small time intesv®
~ At, each charge carrier will travel a distance 1 = v Az. Let us consider a cylinder (or a prism) 0.
. cross sectional area d8 and of length 1 in the conductor, Fig. 8.2. The volume of this »’cyi@d_ﬁ_‘-}j,_
. will be d81 = d8- v Az. If n is the number of charge carriers per unit volume, then the "hafge
~in this cylindrical volume = gn ¢8- v At. Hence the current or rate of flow of charge = Q{?ds’ ¥
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8.4 CONTINUITY EQUATION AND RELAXATION TIME f

Equation of continuity : The current density j and the charge density p are related at

each point through a differential equation. The relation is based on the fact that electnic charge

 can neither be created nor be destroyed and the rate of increase of the total charge inside any
Lo er bitrary jvolume must be equal to the net flow of charge into this volume.

. ‘ ot
P = .l‘s‘]'ds—_é?:% L/"IV- 418}

iy ox The minus sign comes here because the direction of ¢S is along outward normal and we wish

current positive when the net charge is from the outside of V to within. Since we are dealing with
_-afixed volume V, hence we may put the RHS as [(9p/0t) dV. Using divergence theorem the surface
- integral of Eq. (18) may be transformed into a volume integral. Thus we have

——.[divjdl/ = I i dlf’orl (div j+ fBWdI«=0
" Ot vV ct }

~ This integral must be zero for any arbitrary volume. It is only possible when integrand is
zero. Thus, E
b . ‘ div j + dplot = 0. AID
. This differential equation is known as the continuity equation. If the region does not contain
- asource or sink of current, dp/dt = 0 and hence for steady current, we have div j = 0.
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or | q;l ds &8 ' ' ‘ w20y

for all possible (closed) surfaces S. This means that the charge cannot accumulate anywhere
so the lines of current density are continuous. Eq. (20) might be called Gauss’s law of currents.



