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The particles do not touch:

How can particle 2 push on particle 1?
How can there be such an action at a distance?

How does particle 1 “know” of the presence of particle 2?

Some Electric Fields

Field Location
or Situation

Value (N/C)

At the surface of a

uranium nucleus 3 x 104
Within a hydrogen

atom, at a radius

of 529 x 10 "' m 5x 101
Electric breakdown

occurs 1n air 3 %X 109
Near the charged

drum of a photocopier 10°
Near a charged comb 103
In the lower atmosphere 102
Inside the copper wire

of household circuits 1072

* The explanation that we shall examine here is this: Particle 2
sets up an electric field at all points in the surrounding space,
even if the space is a vacuum (— ¢,).

* |If we place particle 1 at any point in that space, particEW
knows of the presence of particle 2 because it is affected by
the electric field particle 2 has already set up at that point.

* Thus, particle 2 pushes on particle 1 not by touching it.
Instead, particle 2 pushes by means of the electric field it has

set up.

September 27, 2021
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xﬁ * The electric field, E, is a vector field: it consists
g {3 of a distribution of vectors, one for each point
Test charge ¢ T i . . .
atpoint P 4 | in the region around a charged object.
' Vector Algebra
P ggjﬂfted * We can define the electric field at some point

(a)

The rod sets up an

electric field, which

can create a force
E on the test charge.

.P +
Electric field T
at point P + i
T
T b
T &
(&)

Fig. 22-1 (a) A positive test charge
gy placed at point P near a charged ob-
ject. An electrostatic force F acts on the
test charge. (b) The electric field E at
point P produced by the charged object

September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan

near the charged object (Q), such as point P in
figure, as follows:
* A positive test charge q,, placed at the point P will

experience an electrostatic force, F.
* The electric field at point P due to the charged
object is defined as the electric field, E, at that point:

Ja The Sl unit for the electric field is

E = E (electricfield).  the Newton per coulomb (N/C).
0
* The electric field exists independently

‘(I[] ‘ ‘Q‘ of the test charge: it existed both
k 2

_ before and after the test charge was
T put there.
E; * Assumption in the defining procedure:
qo the presence of the test charge does
not affect the charge distribution on

Ty
|

- the charged object. — No disturbance

on charge distribution.
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— Field lines: useful way to visualize electric field E
- - W Electric field lines extend away from positive charge (where they originate) and
toward negative charge (where they terminate).

F
gf’ositive The relation between the electric field lines and electric field

test charge

vectors:
o * At any point, the direction of a straight field line or the
¥ 4 direction of the tangent to a curved field line gives the
\ 4 direction of E at point
[
&_\_ S //f * The field lines are drawn so that the number of lines per unit
R a, measured in a plane that is perpendicular to the lines,
% 1 is proportional to the magnitude of E.
Flecuic { * Thus, E is large where field lines are close together and
field lines < small where they are far apart.
(6)
. | 1
Fig. 22-2 (a) The electrostatic force
fgcting on a(pgjsitive testt ch;rt.ge near a F&E X _2
sphere of uniform negative charge. (b) r

The electric field vector E at the loca-

tion of the test charge, and the electric

field lines in the space near the sphere.

The field lines extend roward the nega-

tively charged sphere. (They originate

on distant positive charges.) 5

PHY 102 Physics II © Dr.Cem Ozdogan



22-3 Electric Field Lines i

=—
h—

Positive test T = ; —
charge 2 > . =
E — —
F — — f—
\ — fr—

-—
q P
-— — -—
— S
tangent o i

() (B) (c)

Fig. 22-3 (a)The electrostatic force
F on a positive test charge near a very
large, nonconducting sheet with uni-
formly distributed positive charge on
one side. (b) The electric field vector E
at the location of the test charge, and
the electric field lines in the space

near the sheet. The field lines extend
away from the positively charged
sheet. (¢) Side view of (b).

September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 6



22-3 Electric Field Lines

September 27, 2021

Fig. 22-4 Field lines for two equal positive
point charges. The charges repel each other.
(The lines terminate on distant negative
charges.) To “see” the actual three-dimen-
sional pattern of field lines, mentally rotate
the pattern shown here about an axis passing
through both charges in the plane of the page.
The three-dimensional pattern and the elec-
tric field it represents are said to have rota-

""- ~ tional symmetry about that axis. The electric

field vector at one point is shown; note that it
istangent to the field line through that point.

tangent

Fig. 22-5 Field lines for a positive pot

charge and a nearby negative point charge /
that are equal in magnitude. The charges at-
tract each other. The pattern of field lines and £ <, \

the electric field it represents have rotational
symmetry about an axis passing through both
charges in the plane of the page. The electric
field vector at one point is shown; the vector
is tangent to the field line through the point.

PHY 102 Physics II © Dr.Cem Ozdogan
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22-3 Electric Field Lines 7 HaE
Electric Field Line Patteans for Objects with Unequal Amounds of Charge

B

V! il
._ﬁ}d-'-'t:

S

. AK Lecture Notes
September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdosan 8




1ZMIR
- K ATIP CELEBI
UNIVERSITESI

Getting smaller When away from

* To find the electric field due to a point charge g (or
charged particle) at any point at a distance r from the point
charge, we put a positive test charge q,at that point. \ /
* The direction of E is directly away from the point charge if

q is positive, and directly toward the point charge if g is

negative. The electric field vector is:
- F L g .
E = = > T (point charge). '
qo 471'80 r

* The net, or resultant, electric field due to more than one ‘! % Y
point charge can be found by the superposition principle. m———
* If we place a positive test charge q, near n point charges

The electrlc field vectors
at various points around a

9, 9, - - -, q, then, the net force, F,, from the n point positive point charge.
charges acting on the test charge is_.  _.
EJ—F}1+512 "'+F{Jn
* Therefore, the net electric field at the position of the test charge is
s R B B, Fa
qo qo qo qo

.

—E+E+--+E,

Vector Algebra

September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 9
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COI‘Q? re to Gravitational to Electric Fields
N %,

\k\ el
T~
Ris
Gravitational

Force:
(Units: Newtons = N)

Gravitational

Field:
(Units: N/kg)

Given the Field, [ — nmg

Find the Force:

Find the Force:
(Vector Form)

__Gmv Electric
r? Force:
(Units: Newtons = N)
g=- GM Electric Field:
r2 (Units: N/C)

Find the Force:
§=—GM —
r A Find the Force:
F=—mg=-GmM Lz (Vector Form)
r

http:/iwww.phys.lsu.edu/~jdowling/PHY S21132-SP15/lectures/index.html

September 27, 2021
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Given the Field, [

~
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Example, The net electric field due to three charges:

______________________________________________ 1 26
Figure 22-7a shows three particles with charges g, = +20, | E, = . ?

= —2Q and c;.tq = —40, each a distance d from the origin. I

e S

1 20 1 20

| |
i target point i b+ B = 4me, d>  4Ame, d?
| 'l O\ 7 i
|
| a | _ 140
i 30° - i 471'8[] dz
| . . | |
| Find the net field \d |
| ! . : I .
. at this empty point. \O : From the symmetry of Fig. 22-7c, we
| (2 ® ' realize that the equal y components of
i - our two vectors cancel and the equal x
i y y ' components add.
— ory |
| g o £y 55 |
i _ - Thus, the net electric field at the
i f50e | Field toward 130° ' origin is in the positive direction of the
______ J30°_, % /30° = - ;
i i XE Field toward 5 i x axis and has the magnitude
| = 0 L\ B = 2E,. = 2F.co8 3°

Fig. 22-7 (a) Three particles with charges ¢,, ¢,, and g, are at the -

same distance d from the origin. (b) The electric field vectors E. E,, = (2) 40 (0.866) = 6.930Q
and E, at the origin due to the three ¢ par ticles. (¢) The electric field 4»-,-1- 2y 471-500'2 ]
vector E, and the vector sum E, + E, at the origin.

September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 11
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Up here the +g
field dominates.

} @ ®

2 TF
Dipole

d
l center
=4

)

Down here the —q
field dominates.

(@) (b)

Fig. 22-8 (a)An e]ectll-;, :.llp-:r]e The
electric field vectors E;H and E[ yat point
P on the dipole axis result from the dipole’s
two charges. Point P 1s at distances r(4, and
r(—yfrom the individual charges that make
up the dipole. (b) The dipole moment p’ of
the dipole points from the negative charge
to the positive charge.

September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan

Electric Dipole

Electric dipole: two point charges +q and —q
separated by a distance d.
Common arrangement in Nature: molecules,

antennae,
Define “dipole moment” vector p: from —q to +q,

with magnitude qd 1

ETTTE-‘” EE' E‘II"E-U :"..35 33

where z is the distance between the point and
the center of the dipole.

12
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22-5 The Electric Field due to an Electric Dipole =

Video: Electric Dipole

File Edit View Objects Comments Forms Document Tools Help

= Bar@gg@oso/lHomleovgy~-0 0 A @ X D B X

*Ch22_Lecture_Electric_Fields x

0 |
0

0

Q

| 3

]

=]

i.-TE_ﬂTI'l‘IEIF_ _ —E.Terrnimt B
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From symmetry, the electric field E at point P (and also the fields E, and E_ due to

the separate charges that make up the dipole) must lie along the dipole axis,
which we have taken to be a z axis. From the superposition principle for electric

fields, the magnitude E of the electric field at P is‘

B Ec+y = E(y
Ly A
‘E oc ‘p‘ 1 q 1 q
| - ]"3 ey risy dme, i
7, _ q _ q
-L’ﬂ'gn(: — %d)z —1'.78“(: + 13(1)2 '
T+ C
o) [ Up here the +q q 1 l
field dominates. o T\2 = \2
7 4 ( B ( -
e | e ol (o gy ey
T “k DiPO]; TP C E- — {! ~ 2{!:: AN 4 —_— (/ ({ o A% I
D (] (D)
Down here the —q i adi
field dominates. : 1 qd
= ( 2mey Z°
The product gd,|which involves the two assumption

Intrinsic properties q and d of the dipole, is the

(b) ‘

magnitude p of a vector quantity known as the

electric dipole moment, p,of the dipole.

September 27, 2021

1
\ 5=
27reg

polarization!pyy 102 Physics II © Dr.Cem Ozdodan

I 4 S0
U (electric dipole).

14
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Example, Electric Dipole and Atmospheric e can model the electric field due to the

Sprites: charges in the clouds and the ground

Fig. 22-9 by assuming a vertical electric dipole that
has charge -q at cloud height h and charge
+q at below-ground depth h (Fig. 22-9c). If q
=200 C and h =6.0 km, what is the
magnitude of the dipole’s electric field at
altitude z, =30 km somewhat above the

clouds and altitude z, =60 km somewhat

(a)

above the stratosphere?
®—g
. 1 1 (2h)
Cloud i i — q
i 2’ﬂ'€{) 23 )
Charge T
sl h where 2/ is the separation between —q and +¢q in Fig. 22-9¢. For
6 —— Ground © L big the electric field at altitude z; = 30 km, we find
. ) _ 1 (200 C)(2)(6.0 x 10° m)
Sprites (Fig. 22-9a) are huge flashes that oceur E= T (30 X 10° m)’
far above a large thunderstorm. They are still not — 1.6 X 103 N/C. (Answer)
well undersFood but are bel'leved. to be produced Similarly, for altitude z, = 60 km, we find
when especially powerful lightning occurs E =20 X% 102 N/C. (Answer)

between the ground and storm clouds,

particularly when the lightning transfers a huge

amount of negative charge -¢ from the ground to Left as exercise
the base of the clouds (Fig. 22-95).

September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 15
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22-6 The Electric Field due to a Continuous Charge 4

When we deal with continuous charge distributions, it is most convenient to express
the charge on an object as a charge density (A,0,p) rather than as a total charge.

* For a line of charge, for example, we would report the /inear charge density (or
charge per unit length) A, whose Sl unit is the coulomb per meter.
* Table 22-2 shows the other charge densities we shall be using. Q AQ dq

- Lo AL du
point charge @ (q

Some Measures of Electric Charge Unl.foqn charge
) distribution

- A =Q/L
Name Symbol  SI Unit line Q

Charge q i
LineaF charge area 0

density A C/m
Surface charge

density o C/m?
Volume charge volume

density p C/m? Q

regular shaped
http://www.phys,lsu.edu/~jdowling/PHY S21132-SP15/lectures/index.html .
http ectures/i ijects

September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 16
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Qdg+ dE— » AE~ | dE Key Concepts

* The equation for the electric field set up by a irregular shaped objg
particle does not apply to an extended object with
charge (said to have a continuous charge
distribution).

* To find the electric field of an extended object at a

point, we first consider the electric field set up by a Assumption:

charge element dq in the object, where the element Sggﬁepl::tz
is small enough for us to apply the equation for a , ,
. differential charge
particle. dgq=AdL
* Then we sum, via integration, components of the dqg=0dS
electric fields dE from all the charge elements. dq =P dV

* Because the individual electric fields dE have different
magnitudes and point in different directions, we first see Z AE — / dE
if symmetry allows us to cancel out any of the
components of the fields, to simplify the integration. k d
‘ d E‘ _ ‘ Q‘
2

http:/iwww.phys.lsu.edu/~jdowling/PHYS21132-SP15/lectures/index.html r
September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 17
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E Due to a Line of Charge: Field on bisector

2
Distante hypotenuse: r= [ a+x ] pomne
q

Chatge per unit length: A= 7 [C/m]
()
o
IE =dE g k(A dx)a
y e EOSYS (a® +x2)*
cosg =2 = a Adjacent
ro(a+x°)" Over
Hypotenuse

http://www.phys.lsu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 18
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22-6 The Electric Field due to a Continuous Charge s
Video: Line of Charge

File Edit View Objects Comments Forms Document Tools Help
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B
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]. Terminal H. Terminal {
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E Due to a Line of Charge: Field on bisector

L/2 i 1L/2 y

_ dx _ X A
Ey—k)\a f (a2+x2)3/2 =kA a 2\/ 2, 2 j’
—L/2 AN TA | 1n 1y
Integrate: Trig Substitution! = 2L -
Jrate. 119 ' avda*+L°
away from the rod: point charge _ near by the rod: infinite rod
Point Charge Limit: L <<a | Line Ci;arge Limit: L >> a
_ 2KkAL @_1@ E = 2 kAL NZk)\
E, = s y 2 12
y a\/4a2+\§2 2 & a\/ZM] +L a
Units Check!
4‘_\TL Coulomb’s HHHHNmzlc_N
AN Tlaw | T

http//'www.phys.lsu.edu/~jdowling/PHY S21132-SP15/lectures/index.himl
September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 20
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E Due to a Line of Charge: Field on x-axis direction

~-q p Calculate the magnitude of the electric field at
4;: - - R * point P.
_ dE - M) _ Kdg) _ k(Adk)
X r X X
+—f a—|—L a—|—L k(ﬂCZx)
dx E= j dE = j
L a
a+L

S a+L
E =-kq/(a(-L+a)) = kA I x “dx —kl[ X ]

Now, if a>>L 1 q|1 1
—_ 2 : =kA| —— =k—|—=
E =-kq/a*(point charge) [ a a+ 1 } L [a a+ L }

http//'www.phys.lsu.edu/~jdowling/PHY S21132-SP15/lectures/index.himl
September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 21



E Due to Arc of Charge

* Figure shows a uniformly charged rod of charge -Q
bent into a circular arc of radius R, centered at (0,0).

* Which way does net E-field point?

* Compute the direction & magnitude of E at the origin.

Y4 dq=ARdO (4= ~ kda Q_ @ _2¢ X
- dE =dEcosf= R cosf R AR
i | circumference/4
3 ,- \7'[/2 R 9 i) /2
o E :f €57 19="2 f cos 0d0
X R2 R
" 0 0
kA kA
E, =— = —
R Y R
I e kA
E—,/EX+Ey = ) —

http//'www.phys.lsu.edu/~jdowling/PHY S21132-SP15/lectures/index.himl
September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 22
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E of a Charged Circular Rod JE—_ 1 ‘d9 _ 1 Ads

47]'8[] r2 47]'-‘3.[] f‘z

Figure 22-11a shows a plastic rod having a uniformly distrib- ds=Rd0

uted charge — Q. The rod has been bent in a 120” circular arc
of radius r. We place coordinate axes such that the axis of
symmetry of the rod lies along the x axis and the origin is at
the center of curvature P of the rod. In terms of Q and r,
what is the electric field E due to the rod at point P?

These x components add.
Our job is to add all such
components.

Plastic rod ¥y
of charge —Q I

This negatively charged rod
is obviously not a particle.

Symmetric
element ds’

(a)

Fig. 22-11 (a) A plastic rod of charge Q is a circular
section of radius r and central angle 120°; point P is the
center of curvature of the rod. (b) The field components
from symmetric elements from the rod.

charge @ O 0.4770

length 27rr/3 r

dqg = A ds.

September 27, 2021

Our element has a symmetrically located
(mirror image) element ds’ in the bottom half
of the rod.

If we resolve the electric field vectors of ds
and ds’ into x and y components as shown in
we see that their y components cancel (because
they have equal magnitudes and are in
opposite directions).We also see that their x
components have equal magnitudes and are in
the same direction.

6" l A
E= Jd)?@— Lﬂn T rde

A 60" A o
= j cos 0dO = [sin 9]
daregr J—eo° dareyr —60°

—- A [sin 60° — sin(—60°)]

4’71'8()!’
0.83Q
LT dareor®
 dae t

PHY 102 Physics II © Dr.Cem Ozdogan 23
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E Due to a Ring
iE cos 9"" B

The perpendicular
components just

P cancel but theparallel
semponents add.

Fig. 22-10 A ring of uniform positive
charge. A differential element of charge
occupies a length ds (greatly exaggerated for
clarity). This element sets up an electric field
dE at point P. The component of dE along
the central axis of the ring is dE cos 6.

1) Define: We can mentally divide the ring into
differential elements of charge that are so small that

they are like point charges, and then we can apply

F—_ L 4 . toeach of them.
47]"8.[} !'2

* Let ds be the (arc) length of any differential
etement of the ring.

T e A is the charge per unit (arc) length, the

t has a charge of magnitude dg = A ds.

differential-charge sets up a differential
electric field dE at point-P, a dista from the

element. I dq Nicds
dE = — = —.
d7re, r- ey I°
1 Ad

- d7re, (22 £ R

2) Adding: Next, we can add the electric fields set
up at P by all the differential elements.

* The vector sum (£— [) of the fields gives us the
field set up at P by the ring.

September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 24
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All the dE vectors have components parallel and

E Due tO a R’ng perpendicular to the central axis:

_ * The perpendicular components (to z-axis) are identical in
U R S magnitude but point in different directions, so they sum
components just up to zero
zZA

cancel but the parallel . Th lel {
components add. € parallel CoOmponents aré  dk cos 6 = Amreg(22 + R ds.

3)Integrating: Finally, for the entire

Slde vieting, = —
| E = J’('!E cos 0 = dmeg(® + ROP j ds

ZA(27R)

0 D VIEW = = :
4778(](:2 + R2)3/2

Fig. 22-10 A ring of uniform positive
charge. A differential element of charge
occupies a length ds (greatly exaggerated for
clarity). This element sets up an electric field
dE at point P. The component of dE along
the central axis of the ring is dE cos 6.

September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan
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E Due to Charged Disk
|

* We need to find the electric field at point P, a distance z from the disk along its
1]
R |

central axis.
* Define & Adding: Divide the disk into concentric flat rings and then calculate
the electric field at point P by adding up (that is, by integrating) the
|

contributions of all the rings.
* The figure shows one such ring, with radius r and radial width dr. If o is

A=mr*; dA = 2rrdr

the charge per unit area, the charge on the ring is

dg = odA = o 2ardr),
zo2ar dr _ 0z 2rar

- ~ 273/2
degy (z° + roy Q

= dareg(z? + r2)3?
* Integrating: We can now find E by integrating dE over the surface of the
disk— that is, by integrating with respect to the variable r from r =0 to r =R.
oz {(:2 + 1.2)—1.-'2 JR

- R
g< ’) > 2/
f (zZ + r2)“(2r) dr. =
0 de, =

1
2 0

E= | dE =
4g,
- . O
E = 2e, (charged disk) 46 second term in the parentheses in
the above equation approaches zero,
and this equation reduces to
o
E = (infinite sheet).
2g,

This is the electric field produced by an infinite sheet of uniform

charge.
September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan

d_q
dA

If we let R —<«, while keeping z finite,

26
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¥ The electrostatic force F acting on a charged particle locatedfin an external electric
field E has the direction of E if the charge g of the particle is positive and has the
opposite direction if g 1s negative.

When a charged particle, of charge q, is in an Example: Ink-Jet Printing
electric field, E, set up by other stationary or

slowly moving charges, an electrostatic force, out
F, acts on the charged particle as given by Sigﬁals
the+ eqlt_Jatiin: - Deflecting plate
E | —(*a}— -
H\‘\ Force on External ¢ € Deflecting |

e ——— target Field Plate

vy _ - _ _ : target
particle ) : :
L4 4o Fig. 22-15 Ink-jet printer. Drops shot

from generator G receive a charge in
charging unit C. An input signal from a
computer controls the charge and thus the
effect of field E where the drop lands on
the paper.

http:/www.phys.lsu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 28



22-8 A Point Charge in an Electric Field

Example, Motion of a Charged Particle in an Electric Field 1

Figure 22-17 shows the deflecting plates of an ink-jet
printer, with superimposed coordinate axes. An ink drop
with a mass m of 1.3 X 1071° kg and a negative charge of
magnitude Q = 1.5 X 107" C enters the region between
the plates, initially moving along the x axis with speed v,
= 18 m/s. The length L of each plate is 1.6 cm. The plates
are charged and thus produce an electric field at all points
between them. Assume that field E is downward directed,
is uniform, and has a magnitude of 1.4 X 10° N/C. What is
the vertical deflection of the drop at the far edge of the
plates? (The gravitational force on the drop is small rela-
tive to the electrostatic force acting on the drop and can
be neglected.)

Xg & F, : constant E — constant
acceleration

+ Plate

- Plate

m and charge magnitude Q is

deflected in the electric field6f an ink-jet printer. 1 o
_ _ 1
Fp=ma, = QE 4=y, + yt+§a,yt2

September 27, 2021

y—yo:Ay:h:§ayf2

r — 19 = L = vgyut

KEY IDEA

The drop is negatively charged and the electric field is directed
downward. From Eq. 22-28, a constant electrostatic force of
magnitude QF acts upward on the charged drop. Thus, as the
drop travels parallel to the x axis at constant speed v,, it
accelerates upward with some constant acceleration a,.

Calculations: Applying Newton's second law (F = ma) for
components along the y axis, we find that

I

m m

(22-30)

orizontal displacements of the drop are
y=1a,® and L =vgq, (22-31)

respectively. Eliminating r between these two equations and
substituting Eq. 22-30 for a,, we find

_ QEL?

2
2mv:

_ (1.5 X 10783 C)(1.4 X 10°N/C)(1.6 X 1072 m)?
B (2)(1.3 X 1079 kg)(18 m/s)?

=64 %10 *m
= (0.64 mm.

(Answer)
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* When an electric dipole is placed in a region

Y
i

where there is an external electric field, E, » //:}- -
electrostatic forces act on the charged ends of - /f < . TF
the dipole. _ o i

* |f the electric field is uniform, those forces act in / com
opposite directions and with the same —O7 E___
magnitude F =qE. -F ~

* Although the net force on the dipole from the = -
field is zero, and the center of mass of the (a)
dipole does not move, the forces on the The dipole is torqued
charged ends do produce a net torque 7 on the into alignment.
dipole about its center of mass. T

* The center of mass lies on the line connecting ?@{(g E
the charged ends, at some distance x from one (B

end and a distance d-x from the other end.
The net torque is:
7= Fxsin 8 + F(d — x)sin # = Fd sin §. = pEsin 6.

Fig. 22-19 (a) An electric dipole in a
uniform external electric field E. Two cen-
ters of equal but opposite charge are sepa-
= rated by distance d. The line between them
q 7 = p X £ (torque onadipole). represents their rigid connection. (b) Field
E causes a torque 7 on the dipole. The di-
rection of 7 1s into the page, as represented

by the symbol ).
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Potential Energy = -
* Potential energy can be associated with the = . //;0;2
orientation of an electric dipole in an electric field. - / s - I
* The dipole has its least potential energy when it is = /C: 19 -
in its equilibrium orientation, which is when its J\/ / = -
moment p is lined up with the field E. = ’ -
* The expression for the potential energy of an
electric dipole in an external electric field is simplest (a) )
if we choose the potential energy to be zero when The dipole is torqued
the angle 6 (Fig.22-19) is 90°. into alignment.
* The potential energy U of the dipole at any other rs B
value of 8 can be found by calculating the work W/ ?@(@ E
done by the field on the dipole when the dipole is (b)

rotated to that value of ¢ from 90°. Fig. 22-19 (a) Anelectricdipole in a

9 9 uniform external electric field E. Two cen-
_f TdO = f pE sin 0d6.= —pkE cos 6. ters of equal but opposite charge are sepa-
90° 90° rated by distance d. The line between them

C represents their rigid connection. (b) Field

U= -W =

E causes a torque 7 on the dipole. The di-

U = @ﬁ - E (potential energy of a dipole). rection of 7 is into the page, as represented
by the symbol ).

U-U=AU=-W

September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 31
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\.CH ECKPOINT 4

The figure shows four orientations of an
electric dipole in an external electric
field. Rank the orientations according
to (a) the magnitude of the torque on
the dipole and (b) the potential energy
of the dipole, greatest first.

T O @) -
+ )
v \@ i :
+

+ — @ -
+ i
+ 3@ D)
+ _

|7,| =pE|sin(45° +45° +45°)| = pE|sin(135°)| =

|7,| = pE|sin(45°)| =0.71pE

|7,| = pE|sin(- 135°)| =0.71pE

|z,| = pE|sin(-45°)| =0.71pE

|Tl| =|r2| :|T3| =|r4|

1 and 3 are “uphill”.

2 and 4 are “downhill”.
Ul1=U3>U2=U4

U, =- pE cos(135°) =+0.71pE
U, =- pE cos(+45°) =—-0.71pE
U, =- pE cos(-135°) =—+0.71pE
U, =- pE cos(-45°) =-0.71pE

(a) all tie;
(b) 1 and 3 tie, then 2 and 4 tie

Left as exercise

http://www.phys.lsu.edu/~jdowling/PHYS21132-SP15/lectures/

inefrben 27, 2021
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22-9 A Dipole in an Electric Field

Example, Torque, Energy of an Electric Dipole in an Electric Field

A neutral water molecule (H,O) in its vapor state has an
electric dipole moment of magnitude 6.2 X 107 C-m.

(a) How far apart are the molecule’s centers of positive and
negative charge?

KEY IDEA

A molecule’s dipole moment depends on the magnitude ¢
of the molecule’s positive or negative charge and the charge
separation d.

Calculations: There are 10 electrons and 10 protons in a
neutral water molecule; so the magnitude of its dipole mo-

ment is
p = qd = (10e)(d),

in which d is the separation we are seeking and e is the ele-
mentary charge. Thus,

g P __ 62X 107°C-m
~ 10e  (10)(1.60 X 1071 C)
=39X107"2m =39 pm. (

This distance is not only small, but it is also a
than the radius of a hydrogen atom.

qally smaller

(b) If the molecule is placed in an electric field of 1.5 X
10* N/C, what an the field exert on it?
(Such a field can easily be set up in the laboratory.)

September 27, 2021
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KEY IDEA

The torque on a dipole is maximum when the angle 6 be-
tween p and E is 90°.

Negative side

Calculation: Substituting ¢ = 90° in Eq. 22-33 yields

7= pEsinf
= (6.2 X 107% C-m)(1.5 X 10* N/C)(sin,90°)
=93 X 107 N-m. (Answer)

(c) How much work must an external agent do to rotate this
molecule by 180 in this field, starting from its fully aligned
position, for which § = 07

initially O; p||E

KEY IDEA

done by an external agent (by means of a torque
applied to the molecule) is equal to the change in the mole-
cule’s potential energy due to the change in orientation.

Calculation: From Eq.22-40, we find
W,=Uw - Uy UrU,
= (—pE cos 180°) — (—pE cos 0)
=2pE = (2)(6.2 X 1073 C-m)(1.5 X 10* N/C)

=1.9 X 1072 ]. (+) positive value—
work done on the system

(Answer)




1. (10) Figure (a) shows two charged particles fixed in place on an x-
axis with separation L. The ratio q,/q, of their charge magnitudes is

4.00. Figure (b) shows the x component E_, of their net electric

field along the x axis just to the right of particle 2. The x axis scale is
set by x = 15.0 cm. (a) At what value of x >0 1s E . maximum? (b)

If particle 2 has charge -q, = -3¢, what is the value of that maximum?

¥
—, ,_} —
Z |
+) —q2 : 0 !
—» 2 X L 0
[ — 9|
3 E, (x=10)=0
T 4 B
x (cm)
(a) (b) L is found

September 27, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 34



22 Solved Problems d
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Next: first derivative of E with respect to x should be equal to 0 @ e

—— nst
E’*\

J
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22 Solved Problems
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St G @L..'—-‘f—‘?—— = %ﬁw@
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2. (16) Figure shows a plastic ring of radius R = 50.0 cm. Two small
charged beads are on the ring: Bead 1 of charge +2.00 uC 1s fixed in
place at the left side; bead 2 of charge +6.00 uC can be moved along
the ring. The two beads produce a net electric field of magnitude E at
the center of the ring. At what (a) positive and (b) negative value of
angle 0 should bead 2 be positioned such that £=2.00 x 105 N/C?

3

l-i'_inf_gﬁh_ ——

E

2

.
Beadl, /| E

Fig. 22-38 Problem 16.
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22 Solved Problems

3. (19) Figure shows an electric
dipole. What are the
(a) magnitude and (b) direction
of the dipole’s electric field at

point P, located at a distance ¥
r>>d. &

d/2

):‘ﬁ— =2k ;_IE-_- L"'
" G‘/ )‘L-:-r") A +£)
’% ﬂﬂg‘? t e“/z_ ‘/'\-)E.fgﬂ,éﬁz {@{A a;(}}om/é P

((de)r) 7 1
B N3
NMow M fza r >>d f\-_p & = - 2
) ansar))TiO N mqmﬁ&rz_ﬁj
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4. (27) In Figure, two curved plastic rods, one of charge +¢g and the
other of charge - ¢, form a circle of radius R = 8.50 cm in an xy-

plane. The x axis passes through both of the connecting points,
and the charge 1s distributed uniformly on both rods. If ¢ =15.0
pC, what are the (a) magnitude and (b) direction (relative to the

positive direction of the x axis) of the electric field E produced at
P, the center of the ci—~'~"

September 27, 2021

+g 2F
7
i

..III

‘_‘“ﬂg ds=Rdo
A
97\

|
II -II:'

LN

mpan,
pcw

Fig. 22-46
Problem 27.

PHY 102 Physics II © Dr.Cem Ozdogan
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5. (50) At some instant the velocity components of an electron
moving between two charged parallel plates are v =1.5x10° m/s

and v, =3.0x10° m/s. Suppose the electric field between the plates

is given by E=(120 N/C)j. In unit-vector notation, what are (a)
the electron’s acceleration in that field and (b) the electron’s
velocity when its x coordinate has changed bV 2.0 cm?

aﬂ,M ) qE mfb

X: no qord. wom 'WLM:@S "
L?';L Lsalo ﬂ‘?/_/f S ﬁg rﬁcﬁfmm J)]Cuﬁ_a. she i’%hﬂéﬂ{wm

e W/j s i ‘e) e ﬁﬁ/’f@w 2. fﬂfii;;

= L ixrdﬁ M I'-j’)
=5
Py ’—fm "3»‘“.9”5'. 7 =30 *
i
= 5‘ 65»& f-f?&f Saio m/r Ez ;;o‘%/ )g,uo%) s s

Umo = Ug Uy
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6. (52) An electron enters a region of uniform electric field with an
initial velocity of 40 km/s in the same direction as the electric
field, which has magnitude £ = 50 N/C. (a) What is the speed of
the electron 1.5 ns after entering this region? (b) How far does the
electron travel during the 1.5 ns interval?

an ¢ wa’fmﬂ =
M r.-- - 45-5} ﬁ\;{’i‘ ? _'___.? = S-m _,Z{M{ﬂ Jl—> "'} L:'J H "'?'-}J" ﬁ/ ‘-’Jm%
WA-JHWL —\3 = Lﬁd&/ 2
W - 40 000/ L] == |- a5 dpftictom 6
y T " M oS 0 colore bron
DR sl ] f'— -
B e ol : A
- 4 L I ﬂ_tz: I*S-JID-S
Ay BC=Ma N 4. |u_:i’ e 3 E;'-‘f 3?0% w'gl.?;'"?"?'gﬁm %
| il ﬁ 40 K0 3w#/s
A= 379510 mlatsd) P M
é) v n € N~ U‘
0bey m%c&yﬂ direebion

&x.- \ﬂn?dé £OXOfe 4 27 xzc?m/: (t- smgj

OR x=H+ U Ctha
e =5.04dx0 m. =
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7. (84) In Fig. 22-63, a uniform, upward electric field E of
magnitude 2.00 x103 N/C has been set up between two horizontal
plates by charging the lower plate positively and the upper plate
negatively. The plates have length L = 10.0 cm and separation d =
2.00 cm. An electron 1s then shot between the plates from the left
edge of the lower plate. The initial velocity ¥V, of the electron

makes an angle 0 = 45.0° with the lower plate and has a
magnitudeof 6.0x10° m/s. (a) Will the electron strike one of the
plates?(b) If so, which plate and how far horizontally from the

leftedge will the electron strike? maximum height — v =0
projectile = g
2 L PATH?
%o
g

| range equation

Fig. 22-63 Problem 84,
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Definition of Electric Field
* The electric field at any point
F
9,
Electric Field Lines
* provide a means for visualizing the
directions and the magnitudes of
electric fields
Field due to a Point Charge
* The magnitude of the electric field E
set up by a point charge g at a
distance r from the charge is

E= Eq. 22-1

Bl
e Eq. 22-3

Field due to an Electric Dipole
* The magnitude of the electric field

set up by the dipole at a distant
point on the dipole axis is

E =

. Eq. 22-9

2mey Z°

September 27, 2021

Field due to a Charged Disk

* The electric field magnitude at a point
on the central axis through a uniformly
charged disk is qiven by

: ) Eq. 22-26

or i
S 2e; (1 - Vil + R?
Force on a Point Charge in an
Electric Field
* When a point charge q is placed in
an external electric field E
F = gE. Eq. 22-28

Dipole in an Electric Field
* The electric field exerts a torque

on a dipole
7=p x E.

Eq. 22-34

* The dipole has a potential energy
U associated with its orientation in
the field

[J = _P" . E Eq 22-38

PHY 102 Physics II © Dr.Cem Ozdogan
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