CHAPTER7.

VOLTAGE AND CURRENT

7.1 Chargein a medium

Aswe now want to condder the movement of charges through space we will gart by noting that
we dassfy the surroundings of achargein three ways thefirg is as avacuum, the second is as
a conductor, while the third is as an insulator. While the idea of charge passing through a
vacuum might sound rather abdtract and scientific there is acommon example found in the
picture tubes of tdlevison sets. The materid through which charges pass can dso have the
technicd term of amedium. All media have the ability to alow the passage of chargeina
manner somewhere between the extremes of anidedl conductor or anided insulator.

Now it is essy to describe the motion of a charge through a vacuum. Thischarge will only be
influenced by an dectric fidd, the accderaion of this charge will be
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a=E (7.2)

where E isthe fidd across the vacuum, and m and g are the mass and charge of the charge.
Students are sometimes concerned by the aosence of gravity when caculaing charge motion;
gravity isaways present, but we assume that the eectrica forces are so much grester so that
we can ignore the gravitationd effects.

In an perfectly insulating medium the charge will not be free to move or penetrate into the
medium, it will be held Sationary againg the gpplied fidd that may act onit.

By contradt, in an ided conductor the charge is perfectly free to move, however the conductor
contains many other charges that are dso equdly free to move. When a charge triesto movein
aconductor it immediately encounters other like charges (that mutudly repdl) and the charges
exchange momentum. Theinitia momentum of this charge istranderred rgpidly through the
conductor (with agpeed near that of light) and ancther identicd charge on the other Sde of the
conductor will carry the momentum out from the conductor. In a perfect conductor thereisno
internal momentum loss and the other free charges arrange themsdlves to cancd or prevent any
accderating fidd from penetrating into the conducting medium. This description remains
conggent with the two important conservation rules, the conservation of momentum and the
conservation of charge.

In asemi-conducting or resi stive medium the momentum from the initid forcegE isdowly
reduced as it passes through the resstance. The fidd E must spread through the medium so thet
as momentum is logt to resstance, the fidd overcomesthisloss. The momentum gtill passes
from charge to charge, while the fidd in the medium ensures thet the momentum lossis
overcome by the locd forces. As beforefind charge isleaves the resstance with the same
kingtic energy astheinitid charge, even though energy was logt across the resgtive medium.



7.2 Theuniform eectricfidd in free space

In the section on Motion with constant acceleration we learned how to make caculations for the
pecid case of congtant accderation. We can gpply these concepts to the motion of a
charge provided the acceleration is congtant, thiswill be the casein avacuum. In aresstance
the average accderation is zero as the fidd balances the resgtive loss, dl the same zero
accderation is constant acce eretion.

A congant fidd is found between and near the centres of two separate pardld conducting
plates, one charged with postive charges and the other charged with the same amount of
negaive charge Thisisillugrated in the following diagram of fidd-lines, whose directions are

indicated by arrows.

Thefidd E runs sraight down the middle of the plates (we have included smdll kinks because of
the effect of the extra charge that has been placed in the fidd). If asmdl charged particle of
charge +q and mass m, is released a the surface of the positive plate in the centre, it will
accelerate dong the dotted path thet is shown, this path has the same direction as the nearby
fidd linesand the fidd is congant dong this path. The length of this path is X and the particle
acce erates with a congtant accdl eration given in equetion (7.1). The equation for mation with
condtant accleration gives

qE

vi=vZi+2aX = v +2—X
m

where v, and v. are the speeds a the +ive and -ive plates. From this equeation we can find the
increase in kinetic energy as the particle accd erates between the plates,

Fmvi- 3mv? = gEX (7.2)
Now the increasein kinetic energy isequd to theterm gEX, this quantity must have the
meatching unitsof Joules. The increase in the energy of the particle has come from the dectric
field, potentid energy has been reduced as kinetic energy was gained. To account for this
potentiad energy change, thereis an important term called the dectric potential. Wemay aso
use the term voltage, or when chemicd energy is available to send a charge around a circuit we
use the term electro-motive for ce abbreviated ase. m. f.. The dectric potentid isthe
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potential energy per chargethat isavailable when achargeis placed in fidd. This definition
meatches that of the dectric fidd; that isthe force per charge a apoint in amedium.

All energy is measured by observing an energy change and this mugt be the case with dectric
potentid, if we useV as our symbol for potentid we can write the last equetion as

LmvZ- 2mv? =gEX =qV, - V.) 73)
where V., isthe potentid a the postive plate and V. isthe potentid & the negative plate. From
this particular equation we can dso relate the potentid difference or voltage difference to the
eectricfidd as

V -V,
X (7.4)

where we have used aformulato say thet the ectric fidd is the negetive gradient of the dectric
potential.

E=-

The formulagiven in equation (7.3) can be gpplied to drcumstances where the field and
therefore the accderation, of afree charge is not congtant, the equation can be written with no
reference to the field E or the separation of the plates X as

Tmv?- 2mvZ =gV, - V) (7.5)

7.3 Thepotential in aresstor

When acharge crosses avacuum under theinfluence of afidd it accderates dl thetimeitisin
the fied. When a charge crosses aresstance under the influence of afied it condantly loses
momentum to the res tance and regains this momentum from the fid, in this case it moves with
asteady average Speed and no average accderation. Instead of the above equation for kinetic
energy, we write

Energy lost to the resistance=q(V, - V.).

Now what happensif we increase the potentid difference that drives the current through the
resstance? Clearly more energy will belog to the resstance and yet the charges do not gain
more kinetic energy, what happensis that more charges are driven across the resstance as the
voltage isincreased. Now the amount of charge crossing the resistance aso depends on the
time over which the determination is made and 0 the effect of increesing the voltageisto
increase the rate of flow of charge, thisisdso cdled theelectric current |. A suitable equation
for current is

| = —q " Y% = ﬂ

t-1, t (7.6)

Here we have written the current as the amount of charge g - g, that flows through aresstor in
timet - t,, or moreamply g intimet. The unitsfor dectric current are amperes (symbal A), the
ampereisabase unitsfor our modern system of units, however it is obvioudy equivadent to
coulombs per second (C s?).
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Returning to our energy consderations we have
V.-V, ul
or by usng V to represent the potentid difference we have
vupl .
For smple ressances we have Ohm's law
V = IR (7.7)
where the congtant of proportiondity Risafeature of the medium through which the charge
passes, this property is caled resistance and the measure of resgtanceisin units of ohms

(Symbal W).

7.4 Circuit conventions

In writing equation (7.7) we have abbreviated the eectric potentia differenceto what is smply
cdled the voltage V. By convention the charge that flowsin a current is assumed to be postive,
therefore the charge must flow from a pogtive region, or potentid to a negetive region, or
potentid. In point of fact the mast common form of charge flow isthet of dectronsfrom a
negdtive potentid to a pogtive one, but this fact does not change our caculaions so we Say
with the treditiona convention of positive charges.

In the past the symbol for aresstor was
— AN
A
dthough aplain rectangle is now used. In the diagram beow we have shown asection of a
circuit that contains aresgor.

”
4 i
I 7 I

Because thereisa potentid difference V,, - V, across the resstor, a current | flows through the
resgtor. Energy islog in the resstor as charges move through the resstor, consarvation of
charge demands that the same amount of charge moves out of the resstor as that which moves
in. The conventiond charges enter the resistor a end a and lose energy in the resstor emerging
with lower energy @ end b. The energy per charge or potentid V,, ishigherthan V,; V = V-V,
iscdled the back e. m. f. asit acts againg the potentid that drives the charges around the
careuit. Asno energy islogt in the conducting wires there is no drop in potentia dong these
wires, nor isthere afidd in them. For this reason the arrows indicating the voltage difference V
in the diagram can end anywhere dong the wire; the whole of the left hand section of the wireis
a V, whilethe whole of the right hand sectionisat V..

The symbol for a source of potentid can be ether arectangle with a statement about the nature
of the source, or the symbal shown in the following circuit diagram.
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In this diagram we seen acdl (with apogtiveanode and a negdive cathode). The voltage for

thiscdl ise which dso gandsfor e m. f.. For this, the most Smple of circuits, we have
e=V=IR

The dectric potentid usudly comesfrom acdl, abattery, a power supply or agenerdor.

7.5 Power Log in a Circuit.

Insection 7.2 we learned that “ The eectric potentid is the potential energy per chargethat
isavalablewhen achargeisplaced infidd.” We then used the Sngle symbaol V' to represent
the potentid difference and went on to call this quantity the voltege. If Visthe energy per
charge we can write the energy gjmed by achargein adrcuit as

= qe
and the energy lost by acharge asit passes through aresstor (the voltage drop isdso cdled a
back emf) is

Uu=gqV.
Further the power lossis the rate of change of thisenergy loss, or to put it quite Smply
= % =1V (7.8)
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