CHAPTER 25:

Flectric Potentials and fnergy
Considerations

courtesy of
Mr. White
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FElectric Potential Fields

Yous ﬁOM[C[ 1MOW be comfortable with the idea \\,\(l)///ﬂ

that a charge configuration will produce an electrical L O
disturbance 1n its vicinity, and that knowing how much // l \1\ E de 15 Q
force per unit charge 1s provided to the region

around the field-producing charge (whether there be a secondary charge is in the

region experiencing the force or not) in the form of an electric field 1s a useful idea
to entertain.

Jt’s time to consider another related field, one associated with energy.

nge release a test charge ¢ (or any charge, for \\T//

that matter) in the electrical disturbance generated by

our field-producing charge, the test charge WILL
ACCELERATE. // l \\ »

accelerate,
has energy
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Wﬁy will the test charge accelerate? \\T //

Because there is POTENTIAL ENERGY available to

the test charge as it sits in the field. // l \j\
\ will

We COM[C[ measure the amount of potential energy accelerate,

has energy
the test charge has, but that would be quite limiting (the
information would be applicable only to that particular test charge).

The clever tﬁing to do would be to mimic what we did with electric fields.
We could measure the test charge’s potential energy while in the field at a
particular point, then divide by the size of the test charge to determine how
much POTENTIAL ENERGY PER UNIT CHARGE is AVAILABLE at the
point (whether the test charge is there to feel the effect or not).

This quantity, with units of joules per coulomb (or volts), 1s called the ABSOLUTE
ELECTRIC POTENTIAL at the point of interest.
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An ELECTRIC POTENTIAL \T /  smabance
FIELD, measuring the amount of potential energy "k //

per unit charge AVAILABLE at all points in the region of

a field-producing charge, can be (and 1s) associated with 7/ l ®Ot ential

any charge configuration.

‘An ‘ELEC TRQC ?OTENT‘J?[L FIE LD exists wherever there

1s charge (and, for that matter, wherever there is an electric field). For the potential
fields to exist, there doesn’t need to be present a secondary charge to feel the
effect. And because voltage-flds tell us how much energy is available PER UNIT
CHARGE at a point, the electric potential field V 1s defined as:

Y,

‘Jm’}?OTTOLTll' note: As an absolute electric potential is a function of the charge

g that generates the field, a negative charge will produce a NEGATIVE absolute
electric potential and a positive charge will produce a POSITIVE absolute electric
potential!

field exists
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Work and Electric-Potential (\/ofmge) Fields

Ml’é.’ An absolute electric potential field 1s a modified potential energy field.

f\/erytﬁing you can do with energy considerations, you can do with electric

potential functions:

Just as. the work don.e on a body mpvmg from W =—AU = —gAV

one point to another in a conservative force field W

equals W =—AU, we can use the definition of = —=-AV
absolute electric potential to write: 4 and
?ljojaare.ntfy, if you know the voltage dlﬁferencie between W =—AU = —qAV
two points, you know how much work per unit charge AU

AND potential energy change per unit charge the field = —=AV

has available between the two points. q

EXQWLJO[Q 5. How much work does a field do on a moving 2 C charge if the

potential difference between its beginning and end points 1s 7 volts?

W__AV = w=—qav

! —_(20)(7/C) =14 ]
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Suﬁt[ety About Conservation qf fnergy fcluation

What electr icﬁe[a[ will be needed to stop

an electron with kinetic energy K 1n distance d. SKE, +> U, +> W, =Y KE, +> U,
In what direction should the the field be, -

. . . , . K + 0 +Fed = 0 + 0
opposite the direction of the electron’s motion -
or with the electron’s motion? = K+ (qE) ed =0

This dot Joroafuct 1s a little tricky. To determine the angle

between the electric field E and d, where d is in the
direction of the velocity vector, we need to think a little bit
about how an electron behaves in an electric field, and
about what THIS electron is doing in this problem.

The electric force on an electron in an electric field will be /
directi

exactly opposite that of the electric force on a positive
charge. (Remember, the direction of an electric field is
defined as the direction of force on a positive charge in the
field, so the direction of force on an electron will be
OPPOSITE the electric field direction.)

direction of force
on positive

negative charge
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ﬂft he electron is moving OPPOSITE the direction

of an electric field (1.e., in the direction of the force
on it), it will speed up. If the electron is to slow
down, it must be moving WITH the electric field.

That means the angle between E and d must be zero

and the dot product will, due to its cosine factor, be direction of force
positive. on negative char

But we KNOW the work being done on the electron //

must be negative as it’s slowing down, so where does directicn electron
the negative sign come from? It comes from the fact ust be moving-i
that the electron feeling the force is negative. That
is, @ = -e = -1.6x10"-19 for an electron. That is
where the negative sign comes from.
Mathematically, this can be written as:

K +(~¢E)dcos(0°) =0
K

= E=—
ed 1)




Observations =

fxampfe /. Points A, B and C are identified in a
constant electric field as shown in the sketch.

a.) Which point has the GREATER absolute

electric potential? (That is, do electric fields run
from higher voltage to lower, or vice versa?)

three points in a
constant E-fld

T raversing from AtoB,sod points along the line of E, the do¢ product in
our relationship falls out as:

By observation, the left-side of the equation is positive (two magnitudes
multiplied together), so the right-side must also be positive. For this to be
true, V, must be larger than V, .

IMPORTANT OBSERVATION: This means that ELECTRIC FIELDS migrate
from HIGHER ELECTRIC POTENTIAL to LOWER.
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6.) Assume the electric potential at A 1s V, =11 volts
and the electric potential at B 1s V, =5 volts. If the
distance between the two points 1s 2 meters, derive
an expression for the magnitude of the electric

field.

three points in a
constant E-fld

This time, to point out how the angle works, we will traverse from B to A.
Noticing that now the angle between d and E is 180°, we can write:

E.d=
= |E\ \d\ 9(800— V)
—‘E‘ 3m ——(11V—5V)
E|=2 V/m

IMPORTANT SIDE POINT: The unit for ELECTRIC FIELDS is newtons
per coulomb, but it is also, apparently, volts per meter.
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c) A positive cﬁarge O=1C and mass m=1 kg moves
naturally along the E-fId lines.
i) 1s the cﬁarge moving from higher electrical
potential to lower, or lower electric potential to
higher?
This has notﬁing to do with the charge. Electric fields proceed from higher voltage
to lower, so 1t’s doing the former.

ii.) 1s the cﬁarge moving from higher potential energy to lower, or lower
potential energy to higher?

This has EVERYTHING to do with the charge. POSITIVE CHARGES naturally

move from higher to lower voltage along E-fld lines (being by definition the
direction a positive charge would naturally accelerate), so it is moving from higher

to lower potential energy.

iii.) 1f Qs initial velocity was 2 KE, +ZU +Y W, ZKE +> U,
3 m/s at A, what is its velocity / mv,” +(qV, )+0= / mv,” +(qV,)

at B? (Note that the voltages
have been put on the sketch.) A(I)B) +(1)(11)= A(I)VB +(1)(5)
= vy =4.58 m/s
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c[.) Given the electric potential at B 1s V, =5 volts
and the electric field, as calculated in the previous
part, 1s ‘E‘ =72 V/m, what is the voltage (i.e., the
electric potential) at C, assuming the distance
between B and C 1s .5 meters?

This is sﬁgﬁtfy tmcﬁy Define d on your sketch as shown. Notice that the
angle between d and E is 90°. With that, we write:

d=—AV
=[5 |d ¢ }(90” Vi)
= 0=—(V, )

= VC VB—SV/m

IMPORTANT POINT: An EQUIPOTENTIAL LINE is a line upon which every
point has the same electrical potential. Points B and C are on the 5-volt equipotential
line.

IMPORTANT POINT: Equipotential lines are ALWAY'S perpendicular to electric
field lines.
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fqmjaotentia[ Lines

* Equipotential lines are a way to represent lines of equal
potential - that is, lines along which a charge would
move with constant speed (no change in E).

* Two examples are shown here. The equipotential lines
arg ip.hlue. What do you notice abogt’_/Ihe'rr're,]\ations‘hip

Iine . Vs /
to E'field lines? = |
5 S _l. I I | l1> [ ] ‘-‘ / v"\ /
o TS (A = RN I
I'he horizontal | [ \\ | // L y
and parallel | > /N NI A X\
lines are the _ | NS = N\, =~ ll
field lines. The »" > VAN
. - > > . /S ) /
electric field H Ly X/
is essentially L ]| | > b k<
. g . |
uniform in | j'l‘-—1—] -} -T: = | \
between the N
;T \ Equipotential '
plates. A R TN Lines
s | \ LINCS /
j [ II \\\ o /
I ~——

Important note: potential is represented by equipotential lines that cross E field
lines. There is no such thing as an “electric potential field line” - it s not a field!
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Electric Potential contours (courtesy of Mr.White)
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Equipotential Lines
(courtesy of Mr. White)

... are related to Electric Field lines. How?
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Equipotential Lines
(courtesy of Mr. White)

.. reveal areas of higher vs. lower electric potential.
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fxam]o[e 8: (courtesy of Mr. White)

Draw appropriate equipotentials for this electric field.




fxam]o[e 9! (courtesy of Mr. White)

Draw appropriate field lines for these equipotentials.
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T ﬁings to Note About Electrical Jootem“ia[ energy

Some tﬁings to note about this definition:

— The equation AU, = =Wy, = —qE4Ax 1s only valid for a uniform electric
field, for a particle displacing along a given axis

— This equation 1s valid for both positive and negative charges!

* Moving in the direction of the electric field yields a drop in potential energy for
a positive charge, but a gain in potential energy for a negative charge.

— In this equation, the sign of q and sign of E should be included in the
calculation
* For a negative cﬁarge, you need a negative sign included in your calculation.

e Eis usuaﬂ'y _positive, but say you have a problem that asks what would happen

if the field reversed direction - you would just put a negative sign in front of E
as well.

— Electrical Jootentia[ energy depends on both the charge and the field (like
gravitational potential energy, mgh, this is now qEd)
Also remember the work-energy theorem: W = AKE

— ‘Jf you know the change in electrical potential energy, you can find its

change in kinetic energy! 18)



Quick check:

How much potential energy does a 2 C charge have at a point where the
absolute electrical potential is 3 J/C?

V=U/q soU=qV=(2C)3J/C)=6]

How much potential energy does a -2 C charge have at that same point?

V=U/q soU=qV=(2C)3J/C)=-6]

How much potential energy does a -2 C charge have at a point where the
absolute electrical potential is -3 V?

V=U/q soU=qV=(2C)(-3]/C)=6]
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Potential vs Jaotentia[ energy

Flectric fw[of [ines always point from high potential to low potential --> this 1s

regardless of whether there is a positive, negative, or no charge present at that
location at any time

High V
Where ﬁigﬁ ‘Ug 1s, however, depends on Low V
whether the charge feeling the effect is positive >
or negative charge! B » -
= The ﬁigﬁ Ug position for a positive charge is + g
the high V plate -- it wants to go towards the + g
low voltage (negative) plate + : -
= The ﬁigﬁ ‘Ug position for a negative charge is + =y
the low V plate -- it wants to go towards the B > -
high V (positive) plate + > -
+ >
+ -
>
High Ug for High Ug, for
a + charge a - charge
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Another cluicﬁ examja[e

An electron (e”) in a TV picture tube is accelerated from rest through a potential
difference of 5000 V. The mass of an electron is 9.11 x 10-3! kg.

What is the change in U of the electron?

AU = gAV
AU = (—1.602x10~1° C)(5000V — 0V)
AU = —8x10%®] (=5000eV)

What is the final speed of the electron?

vvvvvvevvvvv

W = —AU = —(—8x10®]) = AKE
mve — 0 = 8x1019 ]

oV 5000 V j 2(8x10%6 |)
Ve =

*Fletch’s note: An electron-volt (eV) is 9.11x10731kg
defined as the amount of energy an electron

picks up when accelerated through a / volt

electrical potential difference.

= 4.05x107 m/s
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Visual Jomctice (thanks Mr. White!)

Is the electrical charge in each of these situations in a position of Aigh
U, or low U_?

low U, low U,

high U,
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Quick practice

Qf an electron is released from rest in a uniform electric field, the potential energy
of the charge-field system

— (a) increases (b) decreases (c) stays the same Explain!

When released from rest, the electron will accelerate in the direction opposite the
electric field, due to the electric force on it by that field. This means electrical potential
energy 1s converted to kinetic energy, and the potential energy will decrease.

True or fa[se: If a proton and electron both move through the same displacement in

an electric field, the change in PE for the proton must be equal in magnitude and
opposite in sign to the change in PE for the electron.

True: AU = -qEd, and since both have the same magnitude charge, same displacement,
and are in the same electric field, the magnitude of the change in PE will be the same,
and since the electron 1s -, the signs will be opposite.
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plates viewed

from side +
|

fxampfe 10: A battery has an electric potential of

14 volts at its positive terminal and 2 volts at it’s negative

terminal. It 1s connected to parallel metal plates that are 3 — v v Vv v v

millimeters apart and insulated from one another. —
14V
a.) From what you know about the voltages, 2V, |
draw in the electric field lines between the plates. low voltage! | hi voltage
(negative) (positive)
terminal terminal

b.) How Big is the electric field between the plates?

T raversing from the upper plate to the lower plate (i.e., from the higher
voltage to the lower voltage plate ALONG THE E-FLD LINES, we can

write:

E.d=-AV |
= |E] \a\c?s()‘):—( V. -V, )
= |E|(3x10° m) =—((2 V)-(14 V))
= |E[=4000 V/m (or 4000 N/C)
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plates viewed

c.) Points ‘A, ‘B and C are identified between the plates. from |Side

A positive charge 1s placed successively at each point: C
i) At which point will the charge experience the B
greatest electric field? v vAY Vv Y

(The E-fld is constant between the plates—all points are the same. )

ii.) At which point will the charge experience the | |

greatest electric potential? low voltage! | hi voltage

(The voltage closest the positive plate will be highest, which is C.) ~ terminal terminal

iii.) At which point will the charge experience the greatest potential energy?

(A charge’s potential energy at a point is related to voltage as U = qV , so for a positive charge,

that will be greatest at C . . . or as close to the 14 volt plate as possible.)
d.) Now, a negative charge is placed at each point:

i) At which point will the charge experience the greatest electric potential?
(Electrical potential has NOTHING TO DO with the charge feeling the effect: it’s still C.)

ii.) At which point will the charge experience the greatest potential energy?

(Using U = qV, sign included, the greatest potential energy point for a negative charge is A.
This makes sense if you think about it. A -1C charge on the negative plate (pt A)would be -2
joules whereas on the positive plate (pt C) it would be -14 joules. A 1s bigger (closer to zero)!
Also, where, if you let a negative charge go, would it pick up the most kinetic energy?
Certainly not if it was next to the positive plate. Definitely next to the negative plate at A!).
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plates viewed

e.) An electron (e =1.6x10""C, m = 9.1x10°'kg) from Tide
accelerates between the plates. How fast is it moving

if 1t started from rest?

Note that the electron (charge —¢) would accelerate v WAW v v ¥
from the negative to positive plate, and that the
potential energy of a charge sitting at a point whose I I

e et : . .
potential is Vis U= qV with the charge’s sign included, |~ gel [hivoltage
we can write: terminal terminal

YKE + DU, +)W,_ =>KE+ YU,
0 +((-e)V.)+ © zémvz+((—e)V+)
= (-1.6x107°C)(2 V)= 14(9.1x10™" kg)v,* +(-1.6x107°C)(14 V)
= v=2.1x10° m/s

= O
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Problem 16.7 - Jore[iminary cluestions

An oy}oosite[y-cﬁargecf set of parallel plates 5.33 ——————————————————

mm apart have a potential difference of 600 volts
between them. An electron accelerates downward.

Trefiminary cluestionsz
———— 1
i.) Which Jo[ate 1s positive?

ii.) What does the electric field look like between the plates (draw it in)?

iii.) Which ]ofate has the higher electrical potential?

iv.) Qf you were to assume the higher potential plate had a voltage of 600 volts,
what assumption are you making about the lower potential plate?

v.) In genemf, does negative charge move from higher to lower electrical
potential, or vice versa?

vi.) In genemf, does negative charge move from higher to lower potential energy,

or vice versa?
27)



Problem 16.7 - Jore[iminary cluestions

An Wposite[y-cﬁargeaf set of parallel plates 5.33 mm negatively charged
—— — 1

apart have a potential difference of 600 volts between 1 1 % % % 1
them.

Tre[iminary cluestionsz

i and ii.) Which y[ate 1s positive and does the
electric field look like between the plates?

~ See Ske;td‘—} positively charged
iii.) Which Jofate has the higher electrical potential?

The positive plate always has higher voltage - E fields point from high to
low voltage..

iv.) le you were to assume the higher potential plate had a voltage of 600 volts, what

assumption are you making about the lower potential plate?
That it has a relative voltage of 0 compared to the higher potential plate.

v and vi.) In genem[, how does negative charge act?

Negative charges move opposite electric field lines, so they must move from

the lower voltage plate to the higher voltage plate -- opposite the way a

positive charge would move. For the electron, though, this will be from

higher PE to lower PE (all charges naturally flow from higher PE to lower). 28.)




Problem 16.7 mocﬁfieof

An (yaposite@-cﬁargecf set of parallel plates 5.33

mm apart have a potential difference of 600 volts  V_=0 volts negatively charged
between them. — — — 1]
a.) What is the E field magnitude between the 00243|m I
plates? | ©
AV = —Ed 0029 m
(0V —600V) =—E(0.00533m)
_ — — 1
E = 1.126x10° V/m (or N/C) =
V. =600 volts positively charged

b.) What is the force on an electron when sitting between the plates?

F=qE = (—1.602x10719C)(1.126x10°N/C)(j) = 1.8x10*(—=j) N

¢.) How much work to move the electron to the negative plate from 2.9 mm from the positive
plate?

You’ll have to do work to force W = —(qAV) = —qEd
the electron to the negative plate.  w = —(—1.602x10719C)(1.126x10°N/C)(000243 m)
If you start where the electron is W = 4.4x10~14]

shown in the sketch and proceed
upward, we can write: 29.)



Fletcher’s 15.4 - the kind of thing you might see on your test

15.4) The following information is known about the constant electric field
shown in Figure II to the right and below: the electric field intensity is 80 nts-
per-coulomb; the voltage V A S 340 volts; the voltage VE = 320 volts; distance

d, g = .25 meters; the distance d = .50 meters and is perpendicular to the

electric field; and Point C's vertical position is half-way between A and B.
a.) Is V, greater or less than V;?

b.) Determine the distance d, , some other electric field
way than just eyeballing it. lines

c.) Determine V. B -

d.) There are a number of ways to determine .

V. Pick two ways and do it.
e.) How much potential energy will be
available to a 6 uC charge when placed at Point A?
f.) How much work per unit charge is done by D - - E
the field as a 6 pC charge moves from Point A to

Point E? \/ \/ V V

g.) How much work is done by the field on a 6

KLC charge that moves from Point A to Point B? FIGURE II
h) IfV A had been 340 volts and VB had been

290 volts:
i.) What would the electric field's direction have been?
i1.) What would the electric field's magnitude have been?

30.)



15.4 answers

(a) Less than Vg
AV B 320V — 340V B

(b) AV = —Ed, d= =0.25m lectric field
E 80 “Vlines |
N .
(OAV = —Ed - (340V —V,) = — (80 E) (0.25m) — Vy = 360 V B
- C
80N\ /0.25m A
(e) U, = qV,, U= (6x10"6C)(340V) = 2.04x1073] o &

(f)g= —AV,; = —(320V —340V) =20J/C

(g) W = —qAV, W = —(6x107°C)(369V — 340V) = —1.2x107%]J
g qAV,p

(h) (i) Field would reverse direction (lines go from high 2low voltage
(ii) AV = —Edcos0, (290V — 340V) = —E(0.25m)cos0 » E =

200 N/C
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Pt cﬁm’ge Jootentia[ examja[é -16.60

a.) What is q;’s electrical potential at P?

V=2
T

(10 )

(.5 m)

- (9x109 Ve m/c)

=1.8x10* volts

b.) What is q,’s electrical potential at P?

V-2
r

, (-2x10° C)
=(9x10 V-m/c)W

= -3.6x10* volts
c.) What is the total electrical potential at P? Vv, +V, =1.8x10*volts — 3.6x10* volts
= —1.8x10*volts

d.) What is the work required to move a 2 uC charge from infinity to P?

W =—-qAV
As the voltage at infinity is zero, we can write: =—(q)(V,-V,)

=—(2x107°C)[ (~1.8x10*volts) -0 |
=3.6x107joules
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