Electric fields
A-Level Physics

Lightning is a giant spark driven by a huge electric field.

An electric field is a region where a charge feels a force  from other charges.
The electric field strength FE at a point is the force per unit positive
charge on a small positive test charge placed there:

E="=
q

Unit: N C™" (the same as V m™', as we will see). E is a vector
way the force acts on a positive charge. The force on a charge ¢ is

, pointing the

F=qF,

opposite to the field if ¢ is negative.

The two-mark definition. Flectric field strength at a point is the force per unit
positive charge acting on a small (test) charge placed at that point. Three words
carry the marks: force per unit charge (not “force on a charge”), positive (which
fixes the direction), and small or test (so the charge does not disturb the field it is
measuring). The multiple-choice version offers “force per unit charge acting on a small
mass” and “force per unit mass” as distractors: a field is defined by a charge, never
by a mass.

Worked example. A proton accelerates at 2.00 m s~2 in an electric field, with

no other force acting. Find the field strength. (m, = 1.67 x 10727 kg, e = 1.60 x
1071 C.)
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qFE = ma, so

g mae_ (1.67 x 10727)(2.00)
g 1.60 x 10—19

=209%x10Vm't=209nVm"

The same rearrangement the other way round gives the acceleration of an electron in
a field of 1500 Vm™": a = eE/m. = (1.60 x 10719)(1500)/(9.11 x 10731) = 2.6 x
10 m s72, enormous because the electron’s mass is so small. Gravity (9.81 m s~2)
is negligible beside it, which is why exam questions about electrons between plates
ignore weight.

B Field lines
o field lines
o lines start on positive charges and end on negative charges (or go to infinity).

point the way the force acts on a positive test charge.

« lines never cross; closer lines mean a stronger field.
e every line carries an arrow; lines meet the surface of a conductor at right angles.

What a field line represents. Asked “state what is represented by an electric field
line”, give both halves: its direction shows the direction of the force on a positive
charge placed there, and the spacing of the lines shows the strength of the field (closer
lines, stronger field). A sketch is marked on exactly these points: arrows drawn, lines
not crossing, even spacing where the field is uniform, and radial lines for a point charge
or a sphere.

Examples: a positive point charge has radial lines pointing out; a negative
one has lines pointing in; two opposite charges (a dipole ) have lines curving

from 4+ to —; two parallel charged plates give a uniform field of equally
spaced parallel lines.
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a) parallel plates (uniform field) b) dipole (+ and —)

o

c) point charge (radial) d) sphere above earthed plate

Field-line patterns for parallel plates, a dipole, a point charge, and a charged sphere
above an earthed plate
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hollow conductor, charge +Q
lines radial, evenly spaced, arrows outwards

R T

zero inside, jumps to Eq constant inside,
at the surface then falls as 1/r

A charged hollow conductor: the field outside is that of a point charge at the centre;
inside, the field is zero and the potential is constant

B A charged conducting sphere

The charge on an isolated conductor sits on its outer surface, spread
evenly when the sphere is on its own. Outside the sphere the field lines are radial,
evenly spaced and pointing outwards (for positive charge), exactly the pattern of a
point charge at the centre. Inside a hollow (or solid) conductor the field is zero: the
fields of all the surface charges cancel everywhere inside, so no field line enters. Two
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graphs follow, and both are exam favourites. The field strength E is zero out to the
radius R, jumps to its surface value Fy and then falls as 1/r?; the potential V is
constant inside (a zero field means a zero potential gradient) and then falls as 1/r.
Reading the graphs. Given an E—x graph for a charged sphere, the radius is the
distance at which E jumps from zero, and the charge comes from any point on the
curve: Q = 4negr?E. Given "Ej at the surface”, the value at 2R is Ey/4 and at 3R is
Ey/9: sketch the curve through those points, starting at Ey on the surface line, never
from the origin.

» 'Y

A Van de Graaff generator stores a large static charge on its metal dome, making a
strong electric field around it

Uniform electric fields

Between two parallel plates a distance d apart with potential difference V
between them, the field is uniform (apart from edge effects) with size
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E=V/d

Between parallel plates the field is uniform, E = V/d

E=—.
d
It points from the higher-potential plate to the lower one. The unit V m™* comes
straight from this and equals N C™'.

Worked example. Two parallel plates 5.0 mm apart have a p.d. of 200 V between
them. Find the field strength, and the force on an electron in the gap. (e =
1.6 x 10712 C.)

Vv 200

E=—=_——"___
d 50x1073

=40x10* Vm, F=qFE=(16x10")(4.0x 10*) =6.4 x 107*° N.

Which changes the field? Two things only: F = V/d rises if the p.d. is increased
or the plates are moved closer. A resistor in series with the supply changes nothing:
no current flows once the plates are charged, so there is no p.d. across the resistor
and the plates sit at the full supply voltage. Between plates at +800 V and 41300 V

the field points from the higher potential to the lower; two positive potentials change
nothing about the direction rule.

B A charged particle in a uniform field

A charge ¢ in a uniform field feels a constant force F' = ¢F, so a constant accel-
eration a = gF/m — just like a mass in a uniform gravitational field.

o released at rest, it speeds up along the field (positive charge) or against it (negative
charge), gaining kinetic energy
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« entering at right angles to the field, it follows a parabolic path — like a
projectile in gravity. This is how a cathode-ray tube used to
steer its beam.

B uniform field,

charge +¢, +q | | --1-""""" strength E
mass m,

speed v

¥

—— parabolic path

\ A v \ l\l\‘\

A charge entering a uniform field at right angles follows a parabolic path, like a
projectile

p.d. V' between the plates

+ top plate

electric force ¢F

weight mg

— bottom plate (earthed, 0 V)
field E = V/d points downwards

mgd
stationary = ¢F =mg = q = Tg

A charged oil drop held stationary between horizontal plates: the electric force
balances the weight, so ¢ = mgd/V

Two forces, not one. A charged oil drop “held stationary” between horizontal plates
is the exam’s favourite equilibrium : both an electric force and its weight act
on it (the multiple-choice distractor is “electric force only”), and they are equal and
opposite. For a negative drop the electric force is opposite to the field, so the top
plate must be positive to hold it up.

Worked example. An oil drop of mass 2.6 x 1071° kg carries a charge of —4.8 x
1071 C and is held stationary in a vacuum between horizontal plates 2.0 cm apart.
Find the p.d. between the plates, and say which plate is positive.

qv mgd (2.6 x 1071)(9.81)(0.020)
(B =mg = “p=mg = V= - 18 x 101

=1.1x10°V.
d q x

The drop is negative, so the force on it is against the field; for the force to be upwards
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the field must point down, so the top plate is positive. Notice that the charge is 3e,
three excess electrons, which is how Millikan showed that charge comes in multiples
of e.

Worked example. Two parallel plates in a vacuum are 0.041 m apart with a
p-d. of 250 V between them. An electron is released from rest at the negative
plate. Find (a) the field strength, (b) the force on the electron and its acceleration,
(c) the time it takes to reach the positive plate, (d) its kinetic energy on arrival.
(me = 9.11 x 1073! kg.)

(a) E=V/d=250/0.041 = 6.1x10° V m~". (b) F = eE = (1.60x 10~1%)(6.1x 10%) =
9.8x 107! N; a = F/m, = 1.07x 101 m s72, towards the positive plate. (c) From rest
with constant acceleration, d = 3at?, so t = \/2d/a = /2 x 0.041/(1.07 x 10%) =
8.8 x 107 s. (d) Energy method, no kinematics needed: Ex = ¢V = (1.60 x
10719)(250) = 4.0 x 10717 J, so v = /2F/me = 9.4 x 10° m s7!. (Check: v =
= (1.07 x 10)(8.8 x 109) = 9.4 x 105 m s~ L.)
Worked example (deflection). An electron travelling horizontally at 2.0x 10" m s~
enters the field between two horizontal plates 18 mm apart with a p.d. of 400 V. The

plates are 30 mm long. Find the deflection of the electron by the time it leaves
the field.

The horizontal motion is unaffected: time in the field ¢+ = 0.030/(2.0 x 107) =
1.5 x 107 s. Vertically, a = eE/m, = eV /(med) = (1.60 x 107)(400)/[(9.11 x
10731)(0.018)] = 3.9 x 10" m s72, so the deflection is y = 1at* = (3.9 x 10')(1.5 x
1079)2 = 4.4 x 1073 m, less than the half-gap of 9 mm, so the electron does leave the
field. Tts vertical velocity on exit is at = 5.9 x 105 m s71, so it leaves at tan = 5.9/20,
about 16°; the path is a parabola, and after the plates (no field) it travels in a straight
line in the direction it had on exit.

1

Coulomb’s law

For two point charges (01 and ()2 a distance r apart in free space, each feels a force of
size

Q@

4megr?’

This is Coulomb’s law . Here ¢g = 8.85x 1072 F m ™! is the permittivity
of free space ,and 1/(47gg) ~ 9.0 x10° N m? C2. The force is along the
line joining the charges: repulsive for like charges, attractive for opposite charges.

Stating the law in words. “State Coulomb’s law” wants a sentence, not a formula:
the (electric) force between two point charges is directly proportional to the product
of the charges and inversely proportional to the square of their separation. Both
proportionalities are needed, and the charges must be point charges (or spheres treated
as point charges at their centres) in a vacuum.
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like charges

© O

opposite charges

& -0

repel — pushed apart attract — pulled together

Like charges repel; opposite charges attract — the force is along the line joining them

Worked example. Find the electrostatic force between point charges of +2.0 nC
and +3.0 nC placed 4.0 cm apart. (1/(4mso) = 9.0 x 10 N m? C2))
CQiQ: (9.0 x10°)(2.0 x 107%)(3.0 x 107%)

— - ~34x107°N Isive).
dmegr? (0.040)2 8 (vepulsive)

Worked example. In a hydrogen atom the proton and the electron may be treated
as point charges 120 pm apart. Find the electric force between them, and compare
it with their gravitational attraction. (m, = 1.67 x 107*7 kg, m, = 9.11 x 1073 kg,
G =6.67x 107" Nm? kg™ ?))

e (8.99 x 10%)(1.60 x 10719)2
dmegr? (1.20 x 10-10)2
Gravity: Fg = Gmpme/r® = (6.67 x 1071)(1.67 x 10727)(9.11 x 10731)/(1.20 x

10719)2 = 7.0 x 107*® N, about 10%* times smaller. Inside atoms, gravity is irrele-
vant.

Fg = = 1.6 x 10°® N (attractive).

Worked example. Two identical oil droplets in a vacuum have their centres 3.8 x
107% m apart. Each carries the same charge, and they repel with a force of 1.0 x
10~ N. Find the charge on each droplet, and the number of excess electrons it
carries.

Q? \/ (1.0 x 10-15)(3.8 x 10-6)2 i
= \AmegFr? = =13x107°C
Imegr? @7 ViATRlY 5. 99 X 107 X ’
that is 1.3 x 1071 /1.60 x 1071? ~ 8 electrons. Identical objects with the same sign of

charge always repel; do not write "attract” for the direction.

Worked example. A charged sphere X is fixed on an insulating stand. A second
sphere Y, of mass 2.0 g, hangs beside it on an insulating thread and settles in
equilibrium with the thread at 12° to the vertical, its centre 5.0 cm from the centre
of X on the same horizontal level. Find the electric force on Y and, if the spheres
carry equal charges, the charge on each.
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insulating thread

+ T mg

F

insulating stand closed vector triangle

mg

tanf = —
three forces on Y: tension, weight, mg

electric repulsion from X

A charged sphere hanging near a charged sphere: three forces balance, the tension
along the thread, the weight and the horizontal electric repulsion, so tan 8 = F/mg

Three forces act on Y: its weight mg (down), the tension T (along the thread)
and the electric force F' (horizontal, away from X because like charges repel). Resolv-
ing, T'cosf = mg and T'sinf = F', so

F =mgtanf = (2.0 x 107%)(9.81) tan 12° = 4.2 x 10~* N.

Then F = Q?/(4meor?) gives Q = /AmeoFr? = /(4.2 x 10-3)(0.050)2/(8.99 x 10%) =
3.4 x 1078 C. A closed vector triangle of the three forces is an equally good method:;
the exam accepts either, but it must show all three forces.

Worked example (helium). A helium atom may be modelled as a nucleus of charge
+2e with two electrons in diametrically opposite circular orbits of radius 170 pm. Find
the resultant force on one electron, and hence its orbital speed.

Two forces act on the electron: attraction to the nucleus, at distance r, and repulsion
from the other electron, at distance 2r on the far side:

2¢? e? e?
Foo = - = 2-H =175x%
C T dmegr?  4meg(2r)? dmeor? ( 4) ?

(8.99 x 10°)(1.60 x 10~19)2

_ -8
o x 10 - AR

towards the nucleus. This resultant is the centripetal force, F' = mgv?/r, so v =
VEr/me = /(1.4 x 10-8)(1.70 x 10719)/(9.11 x 10-3) = 1.6 x 10° m s~*. The trap
is to forget the second electron, or to put it at distance r rather than 2r.
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B Spheres treated as point charges

A spherical conductor with total charge @ gives, at any point outside, the same field
as a point charge () at its centre (measure r from the centre). Inside a hollow charged
conductor the field is zero, so the conductor is an equipotential

Electric field due to a point charge

Coulomb’s law gives the force between two charges. Divide it by the test charge
(E = F/q) and you are left with the field of the source charge @) alone. The field at
distance r from a point charge @ is

Q

E=——.
dmegr?

It points out from a positive @, in towards a negative @, and falls as 1/r% — just like
gravitational field strength, except gravity is always attractive. For several
charges, add the fields as a vector sum

Worked example. The Earth may be treated as a uniform conducting sphere of
radius 6.37 x 10° m carrying a total charge of —4.80 x 10° C spread over its surface.
Find the electric field strength at the surface, and compare it with the gravitational
field strength there. (Mg = 5.98 x 10** kg.)

Q (8.99 x 10°)(4.80 x 10°) .,
dAmeo R (6.37 x 105)2 e

directed towards the centre (the charge is negative). Gravity: ¢ = GM/R? =
9.83 N kg™, so E/g ~ 11; in symbols E/g = Q/(4meoGM), which shows that the
ratio depends only on the charge-to-mass ratio of the sphere. A charged sphere of mass
m and charge ¢ would need ¢E = mg to float in this field: ¢/m = g/E = 0.093 C kgt

Worked example. Point charges of +4.0 nC and +1.0 nC are 30 cm apart. Where
on the line joining them is the resultant field zero?

Between the charges the two fields point in opposite directions; call the distance from
the 4.0 nC charge z. Zero resultant needs equal magnitudes:

40 10 030-x 1o
2 (0.30 — x)2 r 2 - ’

twice as far from the larger charge. For opposite charges the fields between them point
the same way and never cancel: the zero lies outside, beyond the smaller charge.
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Electric potential

Electric potential
in bringing a small positive test charge from infinity

V at a point is the work done per unit positive charge
to that point:

w
V=—.
q
Unit: V. The potential is zero at infinity. For a positive source charge V' > 0

everywhere outside; for a negative source charge V' < 0.

The two-mark definition. Flectric potential at a point is the work done per unit
positive charge in bringing a small test charge from infinity to the point. The marks
are for work done per unit (positive) charge and from infinity to the point.
The potential of a positive charge is positive because work must be done on a positive
test charge to push it in against the repulsion; near a negative charge the field does
the work, so the potential is negative. “Explain why the potential near an isolated
proton is positive” is answered in exactly those words.

B Potential due to a point charge

Q

dregr’

Note the 1/r here (compared with 1/r? for the field). V is a scalar
charges, add the potentials (with sign).

; for several

Worked example. Find the electric potential 4.0 cm from a point charge of
+3.0 nC. (1/(4mep) = 9.0 x 10° N m? C™2))

Q  (9.0%109(3.0 x 10-) ,
- — ~ 6.8 x 10° V.
dreor 0.040 x

Because potential is a scalar, the potential from several charges is simply their sum
(each with its own sign) — no directions to resolve.
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Vv Vv
A A . )
(a) like charges: V> 0 everywhere (b) opposite charges: V changes sign
V=0 here
gradient zero here: (gradient not zero,
E=0 so E=0)
\/ X
T T L
X Y

A

distance x from the centre of X

distance x from the centre of X

Potential along the line between two charged spheres: like charges give a minimum
(field zero there); opposite charges give a zero crossing

B Two charged spheres on a line

The exam’s favourite structured question puts two charged spheres X and Y some
distance apart and draws the potential V' along the line joining their centres (or asks
you to reason from it). Everything follows from two facts: potential is a scalar that
adds with sign, and the field is the negative gradient of the graph.

o Sign of the charges. If V is positive along the whole line, both charges are
positive; if V' changes sign, the charges are opposite (positive near the positive
sphere).

o Where the field is zero. Where the curve has a minimum (gradient zero).
For like charges this lies between them, closer to the smaller charge: Qx/x? =
Qv/(d—x)?. For opposite charges there is no such point between them: the curve
crosses zero there, but its gradient is not zero, so the field is not.

» Ratio of the charges. Where V' = 0 between opposite charges, Qx/x = Qy/(d—
x): the distances give the ratio directly. For like charges use the minimum instead
(the square root of the field condition).

o Force on a charge placed at P. Read the gradient at P by drawing a tangent

; then E' is minus the gradient, and F' = ¢F.

Worked example. Two isolated charged metal spheres X and Y have their centres
1.2 m apart in a vacuum. The potential along the line between them is positive
everywhere and has a minimum at z = 0.50 m from the centre of X. State three
conclusions, and then find the force on a proton held at x = 0.60 m, where the
gradient of the graph is +180 V m™'.

Conclusions: (1) both spheres are positively charged, because the potential is positive
everywhere; (2) the electric field is zero at x = 0.50 m, where the gradient is zero;
(3) the charge on Y is larger, because the zero-field point lies closer to X; in fact
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Qv/Qx = (0.70/0.50)> = 2.0. At 2 =0.60 m: E = —180 V m™" (pointing towards X,
since V rises towards Y), so F' = eE = (1.60 x 107'9)(180) = 2.9 x 107" N towards X.
Released, the proton accelerates towards X, its acceleration increasing as the gradient
steepens; it needs an external force to hold it still.

Describing the motion. ”A positively charged particle is placed at P and released.
Describe and explain its motion.” The examiner wants: the direction (towards lower
potential, down the slope of the V' graph); that the force, and so the acceleration, is
not constant (it follows the gradient, which changes along the line); and that the
particle speeds up throughout, since the force stays in the direction of motion. If P
is the zero-field point the particle stays at rest, in unstable equilibrium: a nudge either
way sends it off.

4 ° >0

= Aneor

V =0Q/(4neor) - zero at infinity

- positive charge +Q: V>0
— negative charge —Q: V<0

The potential near a point charge varies as 1/r — positive for a positive charge,
negative for a negative one

B Link between field and potential
The field equals the negative potential gradient

av
dr’

Between parallel plates V' changes evenly with position, giving £ = V' /d as before.
The minus sign means the field points towards lower potential. For a point charge,
av Q
dr dmegr?
The one-line relationship. ”State the relationship between electric field and electric
potential”: the field strength is equal to the negative of the potential gradient, E =

E:
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—AV /Az. On a V—z graph F is minus the gradient of a tangent; on a V—r graph for
a point charge the gradient is steepest close to the charge, where the field is strongest,
and the sign of F is fixed by "the field points towards lower potential”. The uniform-
field version E = V' /d is the same statement with a constant gradient.

Equipotentials. An equipotential surface joins points of equal potential; no work
is done moving a charge along it, so the field is always at right angles to it. Around
a point charge the equipotentials are concentric spheres, growing further apart as V'
falls; between parallel plates they are planes parallel to the plates. The surface of a
conductor is an equipotential, which is why field lines meet it at right angles.

a) b)
A A
dv _V
+V' Ly E = —d7 :a
> - __V S v
® gradient = i ° g
+ (O]
S ]
3 @
= k)
. ©
=
—p —p
d d
distance x distance x

E=—dV/dr - field = negative gradient of potential

In a uniform field the potential falls steadily with distance, so the field strength V' /d
15 constant

B Electric potential energy

A charge ¢ at a point of potential V' has electric potential energy Ep =4qV.
For two point charges ) and ¢ a distance r apart:

_ Qg
P dregr
o like charges: Ep > 0 — stored energy that would be released if they flew apart.

o opposite charges: Ep < 0 — a bound
separate them.

system; energy must be supplied to

In both cases Ep — 0 as r — oo.

Worked example. The proton and the electron in a hydrogen atom are 5.3 x
10~ m apart. Find the electric potential energy of the pair.
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Qg (8.99 x 10°)(+1.60 x 10-19)(—1.60 x 10~19)

E = =
P dneor 5.3 x 1011

=-43x107® J=—27eV.

The negative sign is part of the answer: the charges are opposite, so energy (4.3 X
1078 J) must be supplied to pull them apart to infinity. (The electron also has kinetic
energy of half that size, so the energy needed to ionise the atom is 13.6 eV; the
"worked-example pattern” below shows why.)

Charge through a p.d. A charge ¢ moved through a potential difference V' changes
its potential energy by ¢V, which is why an electron accelerated from rest through
250 V arrives with 250 eV of kinetic energy whatever the shape of the field. For an
MCQ about "moving P a distance x along the field lines”, the work done is ¢Fx, and
its potential energy falls if it moves the way the force pushes it.

Ep

L

like charges (repel): Ep >0

» distancer

both - 0 at infinity
opposite charges (attract): Ep <0

Ep=kq1qa/r - Ep»0asr-«

Electric PE of two charges: positive for like charges, a negative well for opposite
charges

B Worked-example pattern

An electron orbits a nucleus

of charge +Ze at distance r. The Coulomb
attraction provides the centripetal force :

Ze? mev? Ze?
—_— v = —_—
Amegr? r’ ATegmer

The total energy is kinetic plus potential:

Ly Zé? Ze?
Etotal = MU — = - )
Amegr 8mwegr
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which is negative (a bound state).

B Gravitational versus electric
The two field theories look alike:

Quantity Gravitational Electric

Source mass M (always charge @ (can be +)
positive)

Field strength g=GM/r? E = Q/(4meor?)

Force on test object F = mg F=gqFE

Potential ¢o=—-GM|/r V =Q/(4meor)

PE of two —GMm/r Qq/(dmeor)

Nature always attractive attractive or repulsive

The minus sign in the gravitational potential reflects that gravity is always
attractive; the electric potential takes the sign of the source charge.

Similarity and difference (a standard two-marker). Both potentials are pro-
portional to 1/r, both are zero at infinity, and both are scalars; but gravitational
potential is always negative (the force is always attractive) whereas electric poten-
tial takes the sign of the charge and can be positive. For the fields: both obey
an inverse-square law and both are drawn as radial lines around a point source, but
gravitational field lines only ever point inwards (attraction), while electric field lines
point outwards from a positive charge and inwards to a negative one.

Definitions the examiner accepts

A definition question is marked against fixed wording. Learn these exactly, and give
one answer only.

Term Definition

electric field a region in which a charge experiences an (electric) force

electric field the force per unit positive charge acting on a small (test)
strength charge placed at the point

electric field line  a line whose direction shows the direction of the force on a
positive charge; the spacing of the lines shows the field strength

Coulomb’s law the force between two point charges is directly proportional to
the product of the charges and inversely proportional to the

square of their separation

electric potential the work done per unit positive charge in bringing a small test
charge from infinity to the point
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Term Definition

field and
potential

the electric field strength is equal to the negative of the
potential gradient: F = —AV/Ax

electric potential  the work done in bringing the charges from infinity to their

energy (of two

separation; Qq/(4dmeor)

charges)

equipotential

uniform field

a surface (or line) on which every point has the same potential;
the field is at right angles to it

a field with the same strength and direction at every point,
shown by parallel, evenly spaced field lines

Exam tips

Four formulae, two with 72 and two with r: F = Q,Qy/4meor? and E = Q/4weqr?
(inverse square), V = Q/4weor and Ep = Qq/4megr. Decide which one before you
write.

Distinguish a uniform field (F = V/d, between plates) from a radial field
(E = Q/4megr?, outside a point charge or a sphere); r for a sphere is measured
from the centre, not the surface.

The field points from high to low potential and F is minus the potential gradient:
draw a tangent on a V—z graph to find it.

Field is a vector (add components, subtract opposing ones); potential is a scalar
(add with sign). Between like charges there is a zero-field point; between opposite
charges a zero-potential point.

A charged particle in a uniform field: F = gF, a = qE/m, Ex = ¢V; along the
field it is the vertical half of projectile motion, and motion at right angles to the
field is unaffected.

The data sheet gives both gy = 8.85x 1072 F m™' and 1/(47g¢) = 8.99x10° m F~*;
either works, do not mix them up.

B Common mistakes

Defining field strength as “the force on a charge” or “force per unit mass”. It is the
force per unit positive charge on a small positive charge.

Forgetting to square r in Coulomb’s law and in the field, or squaring it in the
potential (V o 1/7).

Using the diameter, or the distance from the surface of a sphere, instead of the
centre-to-centre distance.

Sketching E for a sphere from the origin. It is zero inside and starts at Ey on the
surface; V' is constant inside, not zero.
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Field lines without arrows, crossing, or unevenly spaced in a uniform field; lines
not at right angles to a conductor.

Dropping the negative sign on the potential energy of opposite charges, or taking
the direction of E from the sign of V instead of from its gradient.

Forgetting the second electron in the helium atom, or placing it at distance r rather
than 2r.

Using F =V /d for a point charge, or E = Q/4meor? between plates.

Giving an electron weight, or using the proton’s mass for an electron; in electrons-
between-plates questions the weight is negligible.

Leaving out the weight in an “oil drop held stationary” question, or getting the
polarity of the top plate backwards.
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