CHAPTER 6.
GRAVITY AND THE ELECTRIC FORCE
6.1 Gravity and dectric force

Theformulae for the gravitationa forces between two masses and the dectrogtatic forces
between two charges are Smilar, even though other physicd details are quite different. For
gravity theformulais

F:Gm§h (6.)

where G isacongant, m, and m, are masses and r is the separation of the centres of mass of
these two masses. Theforce F, acts with equa magnitude F on each mass and both masses are
pulled together directly dong the line between the two masses.
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According to theformula (6.1) the strength F of the gravitationd force increases asthe two
measses come together (it will decreaseif they are pulled apart by some externd system).
Because the forceis proportiond to r-2 the formulais dso cdled an "inverse square’ law. The
vaue for the condant is

G=6.673 10t N n? kgz.

For dectrogdic attraction (or repulsion) the formulais
F=k, 2k 6.2)

r2

where k. isacongant, g, and g, are charges and r isthe separation of these two charges. The
concept of charge qisanew; charges have an extra property when compared with masses,
they may be either +Hive or -ive. An extraruleisrequired for the description pf the force
between charges, charges with the same sign repel while those with different signsare
attracted. Theforce F, actswith equa magnitude F on each charge and both charges are
pulled together or repeled directly aong the line between the two charges. The units of charge
are coulombs, abbreviated as C. The vaue for the condant is

k,=8.988 10° N nt C=2.

6.2 Gravity

Although satdllites made by peoplefirst gppeared about the earth in 1958, the idea had been
proposed by Isaac Newton. When Newton watched an gpple fdl in an orchard, he could
possibly see the moon in the sky at the same time and he pondered why it was that gpples fell to
earth while the moon did not. Newton aso speculated that an object thrown from ahigh
mountain with suffident horizontal velodity would fal over the horizon without reeching the
earth's surface and could continue to do so until it returned to the mountain top from which it
was launched. In agmilar fashion the moon fals around our earth in apath caled an orbit, each
orbit takes about a month.



In the above picture the path of a satellite launched horizontally above New Zedand is shown
passing around the earth. Theinitid horizontal velodty v, is shown and the gravitationd force
between the satellite and the centre of mass of the earth F; isaso shown. While the circular
peth of the orbit is plaugble it is dso unusud; if the satdlite was launched with amuch higher
initia goeed v, it would swing away into Space dong a hyperbolic path or orbit the earth in an
dlipse, if the gpeed was much lower the satdlite would crash to earth. The circular path shown
isagpecid case.

Thereisonly oneforce acting on the satellite and thet isthe gravitationd atraction of the earth
F,, thisforce overcomes the inertia of the satellite asiit tries to travel out into space with sraight
line momentum. The force pulls the satdlite around in acircle, the speed of the satdllite does not
change, the gravitationa force changes the direction of the velocity. The reection to thisforceis
the circular reaction given previoudy (equation 3.13), our force equation

aF=ma
2
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In equation (6.3) m, isthe mass of the earth, m, isthe mass of the satdllite, R, istheradius of the
earth and h isthe height of the satdllite above the earth's surface. Our origind varigbler has
become the distance between the centres of mass of the earth and the satdllite, R, + h. The
condant tangentia speed of the satellite in the circular orbit can be written intermsof T the
orbital time (or period) of the satdllite and the distance around one orbit, this gives
_2p(R.+h
T

and combining equations (6.3) and (6.4) gives us
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This equation enables usto find the period T of asadlite asit movesin acircular orbit &t a
given height above the surface of the earth. If we use our lagt equation we can dso cdculate the
period of the early satelites, these had a height of about 100 km. We need to know that:
themaessof theearth m, = 5.98" 1024 kg
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theradiusof theeath R = 6.37 106 m.

Then we can cdculae
T2 = 4p”6470000°
667 10" 598 10*
or T=5180s =1.44 hr,

The orbit of these satdllites as recorded in the newspapers of the time was about 90 minutes.

The gravitationd force on any object of massm & the earth's surface is aso cdled the weight
of the object. According to the gravitationd force equation (6.1) thisis
mm

2

W=G

We have previoudy written the weight as
W=nmng
where g = 9.8 m s2. Thisvaue can be confirmed usng:
m, 6.67 10" 598 10*
=G5 = 2
R 6370000
and thisisthe accderation caused by gravitationd dtraction to the earth.

=983 ms?

6.3 Electron Orbits

The amdlest aomic dectric charge is associated with atiny particle caled the dectron, while the
dimensons of an dectron can not be precisay defined the eectron is known to have a mass, m,
of 9.11° 103 kg and acharge, eof -1.60" 10 C. Ascharge can be of two types, postive
or negdive, we might expect acorresponding smd| partide with abasc postive charge; this
paticleisthe proton withamassm, of 1.67 10?7 kg and achargeof +1.60° 10 C. Both
the eectron and proton are quantum particles and some other properties such as position,
momentum and tota energy are not precisdy messurable.

Asthe two partides have charges of different Sgn they will be mutudly atracted by the dectric
force defined in equation (6.2). Bath particles will orbit each other (like the moon and the earth)
but we will assume thet the more massve proton remainsin afixed pogtion while the lighter
electron orbits about this proton. If the centres of mass of each particle are separated by a
digance r then we can write an equation like (6.3) usng ingtead the dectric force of (6.2).

2 2
AL N
r r (6.5)
Now the orbit radius can be estimated from the Size of atypica aomic radius, about
2" 100 m (see section 1.7 Egtimations). Thisinformation dong with the other known
condants give us a goeed of
K e \/ 899° 10° (16~ 10°1°)2
Vo = = T Am 3l A A 10
m,r 911" 10 2710

which is about right for the speed of an dectron in orbit. We can dso show that the period of
the orbit is about

=11 10%m s+
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2pr _2p° 210"
v, 11 10°

Thisfigureis of the same order asthe period of the light waves thet we can see with our eyes,
thisis hardly surprising as the light thet we can see comes from changes of energy in dectrons.

T= =11 10% s

6.4 Three chargesand dectric forces

To help our understanding of the vector nature of forces we will consider the force on acharge
q in the presence of two other charges g, and q,. For the purposes of ca culation we must
assumethat g, and g, have fixed pogtions and dont move. Ultimately al smdl particles vibrate
with no fixed pogtion but on alarge scae we need to assume thet they are fixed if our
cdculaions areto proceed. If q, ¢, and g, dl have the same Sgn then they will al mutualy
repd, the gravitationa equivadent of mutua repulson is not possible as the gravitationd forces
between masses are aways dtractive. Further with three or more chargesit is not possible to
devise an arangement where dl the charges are mutudly attractive. This greater diversty with
electric forcesis the reason why we now congder dectricd forcesrather than the gravitationd
forces, otherwise our caculaionsfollow identical procedures for either case.

L et us suppose that the three chargeshave vduesq=1.00C, g, = 200 Cand
g, = 2.00 C, and they are placed at the respective points (1.0, 1.0) m, (0,0) mand
(1.00) m.
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This Stuation is shown in the aove diagram dong with al the forces between charge pairs,
these act dong the lines of separation of the charges. Aswe only want to sum the forces acting
ong our task isto sum F;, (theforceon g fromq,) andF,, (theforceon g from ). Usng
equation (6.2) we have

N N S
Fql_ke r12 _(\/E)Z_ke
and F,=k, 3% =2Kop
r, 1

Tofind F, =F,, + F,; we must write down and add the components of each force,
for the x components we have
qu = Fqu

and for the y-components we have

+F,,, =0+k, c0s45°=0.707k,
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F, =F,, +F, =2k +k sn45°=2707k,.

Thetotd srength (or magnitude) of F_ is

— [E2 2 _
R =+ Fx +Fy =280k,

F, =252 10° N

(thisisavery large force, mogt examples use micro- Coulombs for forces so that the results are
inmilli-Newtons). The angle the vector F, makes with the x-axisis

~ taEquf_’_ ta@.7o79_754°
q—arcangF—qxg—arc 0.707[-5— 4.

Thisresultant force is shown in the following diagram.

6.5 Fidd lines

In the last section we learned how to calculate the force from two charges g, and g, onto a
third charge g. We should be able to repeat these procedures to find the force on g a any point
(X,y) (except (0,0), wherer, iszero and (1,0) wherer, iszero). If we used acomputer we
could fill the diagram until it becomes black with vector arrows that showed the forces at each
point. This diagram would not be very ussful!

In order to picture what forceswill act on achargein the presence of other charges a scheme of
field lines has been devised. To plot afidd line we gart a a point, cdculate the force on a test
charge (whichisqin our case) and then move asmdl disance in the direction of thet the force
is pointing. When we then repest this processin smal seps (dways moving in the direction of
the last force) we will find that we have traced out afidd line. These fidd lines show the
direction, but not the strength (or magnitude) of the eectric fidld at many pointsin space.
Gravitaiond forces dso give a Gravitationd fidd. A copy of the result of this procedureis
shown in the next diagram.
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Now what we have done is use atest charge g to messure the influence of the two charges g,
and ¢, throughout the surrounding pace. Thisinfluence is detected as a force on the test
charge a whatever point we place thistest charge. The influence that we detect and measureis
cdled afield, the strength of thisfield, E at any point is defined as the force per unit charge a

that point. We can write an equation
F
=— (6.6)
q
where F isthe srength of the force and qisthe test charge that we have used to measure the

field strength. Asforceisavector then thefield is aso a vector and we can write
F
E=— 6.
q (6.7)

Fed lines are asophidticated and subtle subject; their properties are only mentioned here
because they gppear in more advanced syllabuses. The lines help indicate the direction of the
forces that will found near charges. In some carefully prepared diagramsit isdso possble to
infer the relative strength of the forces by the dengity of these fidd lines. It should not be thought
thet afidd line shows the path dong which afree charge will accderate, thisisonly trueif a
chargeis released from rest on agtraight field line and as a consequence accderates dong a
draght line. If acharge triesto accderate dong a curved fidd lineitsinertid masswill naturaly
move it tangentidly off thisline
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