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16 Charge and field

Student's Checklist

Back to list of Contents

| can show my understanding of effects, ideas and
relationships by describing and explaining cases involving:

a uniform electric field E = V/d (measured in volts per metre)

Revision Notes: Uniform electric field
Summary Diagrams: Electric forces and field; Field strength and potential gradient; Field lines
and equipotentials

the electric field of a charged body; the force on a small charged body in an electric field; the
inverse square law for the field due to a small (point or spherical) charged object

Revision Notes: Electric field and inverse square law
Summary Diagrams: Deflection by electric field

electrical potential energy and electric potential due to a point charge and the 1/r relationship
for electric potential due to a point charge

Revision Notes: Electric potential
Summary Diagrams: Force, field and potential; Radial field and potential

evidence for the discreteness of the charge on an electron

Summary Diagrams: Millikan’s experiment

the force on a moving charged particle due to a magnetic field

Revision Notes: Force on a moving charge

I can use the following words and phrases accurately when
describing effects and observations:

electric field; electric potential (J C'1) and electrical potential energy (J)

Revision Notes: Uniform electric field; Electric field and inverse square law; Electric potential
Summary Diagrams: Force, field and potential

electron and the electron volt used as a unit of energy

Revision Notes: Electron volt
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16 Charge and field

| can sketch and interpret:

» graphs of electric field versus distance, knowing that the area under the curve between two
points gives the electric potential difference between the points

« graphs of electric potential and electrical potential energy versus distance, knowing that
the tangent to the potential versus distance graph at a point gives the value of the electric field
at that point

Summary Diagrams: Radial field and potential

diagrams illustrating electric fields (e.g. uniform and radial) and the corresponding equipotential
surfaces

Revision Notes: Uniform electric field; Electric field and inverse square law
Summary Diagrams: Field strength and potential gradient; Field lines and equipotentials

| can make calculations and estimates making use of:

electric permittivity eg and the electric force constant
1
4ne,

as used in the equations:
electric force due to a charge

kqQ
F. electric — 2

r
electric field

Foioctri kQ
Eelectric = eI::trlc = ;2

Revision Notes: Electric field and inverse square law
Summary Diagrams: Force, field and potential

electric field related to electric potential difference

dv
Eclectric = _a

and
E

electric — E

for a uniform field

Revision Notes: Uniform electric field
Summary Diagrams: Force, field and potential

electric potential at a point distance r from a point charge:
v= K
P

Revision Notes: Electric potential
Summary Diagrams: Force, field and potential
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16 Charge and field

the force F on a charge g moving at a velocity v perpendicular to a magnetic field B
F=qvB

Revision Notes: Force on a moving charge
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16 Charge and field

Revision Notes

Back to list of Contents

Uniform electric field

The electric field strength E at a point in an electric field is the force per unit charge acting
on a small positive charge at that point. Electric field strength is a vector quantity in the
direction of the force on a positive charge.

The Sl unit of electric field strength is the newton per coulomb (N C_1) or (equivalently) the
volt per metre (V m_1).

Force on a point charge in a uniform field

A uniform electric field exists between two oppositely charged parallel conducting plates a
distance d apart. The lines of force are parallel to each other and at right angles to the plates.
Because the field is uniform, its strength is the same in magnitude and direction everywhere.
The potential increases uniformly from the negative to the positive plate along a line of force.
Between the plates, the potential gradient is constant and equal to V' / d, where V is the
potential difference between the plates. The electric field strength therefore has magnitude E
=V/d.

A point charge g at any point in the field experiences a force g E = q V' / d at any position
between the plates.

Back to Student’'s Checklist

Electric field

An electric field occupies the space around a charged object, such that a force acts on any
other charged object in that space.

The lines of force of an electric field trace the direction of the force on a small positive charge.
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16 Charge and field

Electric field lines

Near a positive point charge

Electric field lines

Near a negative point charge

Electric field lines

Near opposite point charges
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16 Charge and field

Electric field strength is the force per unit charge on a small positive point charge on a test
object.

The electric field is the negative gradient of the electric potential.
E=——-.
dx

The direction of the electric field is down the potential gradient (just as gravitational forces
point downhill). A strong field is indicated by a concentration of lines of force or by
equipotential surfaces close together.

The inverse square law

positive positive
point point
charge charge
q Q
-~ ~——— >
F < > F
r H
qQ
F=
4neyr?

A radial electric field surrounds a point charge. Point charges g and Q at separation rin a
vacuum exert equal and opposite forces on each other given by Coulomb's law

Fo_ .
4meqr
where ¢gg is the permittivity of free space.

The electric field F/q at a distance r from a point charge Q is
Q
E =

4meyr?

The force and the electric field vary with distance according to the inverse of the square of the
distance apart.

Back to Student’'s Checklist

Electric potential

The electric potential at a point is the potential energy per unit charge of a small positive test
charge placed at that point. This is the same as the work done per unit positive charge to
move a small positive charge from infinity to that point.

The potential energy of a point charge q is Ep = q V, where V is the potential at that point.
The unit of electric potential is the volt (V), equal to 1 joule per coulomb. Electric potential is a
scalar quantity.

Potential gradient

ox

F

*q
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16 Charge and field

The potential gradient, dV / dx, at a point in an electric field is the rate of change of potential
with distance in a certain direction. The electric field strength at a point in an electric field is
the negative of the potential gradient at that point:

e--9
dx
In the radial field at distance r from a point charge Q the potential Vis:
_ Q
Ameyr

The corresponding electric field strength is:

g-_dv__df Q |__Q
dr dr(4meor ) 4meyr?

Back to Student’'s Checklist

Force on a moving charge

The force F on a charged particle moving at speed v in a uniform magnetic fieldis F=Bq v
sinB, where q is the charge of the particle and 6 is the angle between its direction of motion
and the lines of force of the magnetic field.

The direction of the force is perpendicular to both the direction of motion and the direction of
the field. The forces on positively and negatively charged particles are opposite in direction.

A beam of charged particles in a vacuum moving at speed v in a direction perpendicular to

the lines of a uniform magnetic field is forced along a circular path because the magnetic
force B g v on each particle is always perpendicular to the direction of motion of the particle.

Force on a moving charge

force at 9Qp

magnetic field into plane of diagram

The radius of curvature of the path of the beam
mv
r=—.
Bq
This is because the magnetic force causes a centripetal acceleration
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16 Charge and field

Using F = ma gives

Bqgv =

mv
and hence r = —.

Note that writing the momentum mv as p, the relationship r = p / B g remains correct even for
velocities approaching that of light, when the momentum p becomes larger than the
Newtonian value mv.

The particle accelerator

ring of electromagnets

accelerating
electrodes

particle beam in
evacuated tube

detectors

In a particle accelerator or collider, a ring of electromagnets is used to guide high-energy
charged particles on a closed circular path. Accelerating electrodes along the path of the
beam increase the energy of the particles. The magnetic field strength of the electromagnets
is increased as the momentum of the particles increases, keeping the radius of curvature
constant.

A monochrome TV tube

electron beam

/ spot

"\ Picture lines traced
out by the spot

electron gun

deflecting coils

fluorescent screen
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16 Charge and field

In a TV tube, an electron beam is deflected by magnetic coils at the neck of the tube. One set
of coils makes the spot move horizontally and a different set of coils makes it move vertically
so it traces out a raster of descending horizontal lines once for each image.

In a mass spectrometer, a velocity selector is used to ensure that all the particles in the
beam have the same speed. An electric field E at right angles to the beam provides a
sideways deflecting force Eq on each particle. A magnetic field B (at right angles to the
electric field) is used to provide a sideways deflecting force Bqv in the opposite direction to
that from the electric field. The two forces are equal and sum to zero for just the velocity v
given by E q = Bqv, or v = E/ B. Only particles with this velocity remain undeflected.

Back to Student’'s Checklist

Electron volt

The charge of the electron e = -1.60 x 1071°C. The charge e on the electron was measured
in 1915 by Robert Millikan, who invented a method of measuring the charge on individual
charged oil droplets. Millikan discovered that the charge on an oil droplet was always a whole

number multiple of 1.6 x 107"% c.

Physicists often measure the energy of charged particles in the unit electron volt (eV). This
is the work done when an electron is moved through a potential difference of 1 volt. Since the

charge of the electron is 1.6 x 107°C, then 1 eV =1.6 x 107'° J. The energy needed to
ionise an atom is of the order of 10 eV. X-rays are produced when electrons with energy of
the order 10 keV or more strike a target. The energy of particles from radioactive decay can
be of the order 1 MeV.

Back to Student’s Checklist
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16 Charge and field

Summary Diagrams (OHTSs)

Back to list of Contents

Electric forces and field

Two ways of describing electrical forces

Action at a distance

forces on
charges from
combined
attractions and
repulsions by
charges on
plates

Forces act across empty space

Defining electric field

field E

Oy

charge q force F

Action via electric field

charges on
plates produce  [(+)
electric field
+
forces on M
charges from N @ )
electric field (+)
(+) <= (o)
+

Electric field: forces act locally, field ‘fills space’

E=F/q

unit of Eis N C™*

Back to Student’s Checklist
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16 Charge and field

Field strength and potential gradient

Contours and slopes

Field strength and potential gradient

—va

7

Slope is steep where
contours are close.
Direction of steepest
slope is perpendicular to
contours

slope = :
P distance

walk along contour to stay at same height /

change in height

A

negative slope is downhill, decreasing height

Advancing Physics A2
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16 Charge and field

750 —
V 500
250 —

1000 —

1000V 750V 500V 2

Field strength and potential gradient

Field and potential gradient

50V 0V

0

slope =

change in potential _ AV

Ax

electric field E = — ﬁ/

orE=- 3— if slope varies continuously
X

negative slope is downhill, decreasing potential

Back to Student’'s Checklist
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16 Charge and field

Field lines and equipotentials

Field lines and equipotential surfaces

A uniform field

1000V 750V 500V 250V 0OV

no force in these
directions so potential

is constant

‘electric i

field field is at right

angles to o

equipotential oL force in this
» surface direction, so
. : potential
V +AV 74

Equipotentials near a lightning conductor

field lines
/

N\ . .
- f&equotentlals
»/// \ near conductor
+
-~ equipotential follows
conductor surface

Field lines are always perpendicular to equipotential surfaces

Back to Student’s Checklist
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16 Charge and field

Deflection by electric field

Deflection of electron beam by electric field

electron gun

deflection plates
+V

tforce

\

+
hot anode :
cathode I 4
I © =)
spacing d

electric field E = v

d

vertical force F = eE = e\—/

1
' accelerating

1 potential difference

®—

horizontal
acceleration

constant velocity

o=

zero potential

L

vertical acceleration
constant horizontal velocity

—
F—ed

e

resultant velocity

d

Back to Student’'s Checklist
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16 Charge and field

Force, field and potential

Relationships between force, field, energy and potential

Electricity
Interaction of Behaviour of
two charges divide by isolated charge
charge
Force Field
unit N unit N C-1
o192 __49
2 2
EEen 4megr 4meqr
under slope of
graph of graph of
force or potential
ﬁeld_ energy
against r . . or
Potential energy Potential otential
unit J unit vV = J C-"1 ggainst p
_ 9192 multiply by charge _ q
€potential — Velectric T e
Amegr Amegr
Relationships between force, field, energy and potential
Gravity
Interaction of Behaviour of
two masses isolated mass
divide by mass
Force Field
unit N unit N kg~!
my m m
F=G—52 9=G—
r r
area
under slope of
graph of graph of
force or potential
field energy
against r . : or
Potential energy Potential potential
. . >
unit J unit J kg against r
_ . mymy multiply by mass . m
Epotential™ G r Vgrav =G T

Back to Student’'s Checklist
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16 Charge and field

Radial field and potential

Gravity and electricity — an analogy
Gravitational field and radius Electric field and radius
0 Ar 0 Ar
[s)
o
2 Ar w Ar
§ o
S = area gA 2 = area EAr
T g ’/g Q !/E
o) ©
radius r radius r
Gravity and electricity — an analogy
Gravitational potential and radius Electric potential and radius
0 0 Ar 0 0 Ar
]
>‘6=
T k)
B =
o c
5 2
o field g = —slope 8 field E = —slope
S = —AVgrav/Ar = ==AV, JAr
> (8]
o© 2
(o)) o
radius r radius r
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16 Charge and field

Gravity and electricity — an analogy

AV, = area under graph of field g against r AV, = area under graph of field E against r
field g = — slope of V., against r field E = — slope of V. against r
- —GM - kg
9="p E=-3 e —
GM 4me,
V= - \4 :—kq
r elec
force between masses is attractive force between like charges is repulsive
Potential wells and hills a positive charge makes a ....but a potential well for
potential hill for positive charges negative charges

a mass m makes a
potential well for
other masses

Back to Student’'s Checklist
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16 Charge and field

Millikan’s experiment

Discreteness of charge: value of e

microscope

light source

oil drop

Charge on drop is changed by ionising air in
cell, using weak radioactive source

_Jl

’ LS v

!W=mg

When drop is held stationary:
electric force F = gravitational force W
F=qE W= mg

$

Uniform electric field gE =mg
£V > mgd

d V= g
If charges q are V= mgd
discrete multiples n of " ne
electron charge e, then Vn = constant

q =ne

Back to Student’s Checklist
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