Announcements 2/25/10

Tonight’s problem session: I might not make it depending on the
weather, but Elizabeth will be there (?).

In addition to Thursday evenings, I can schedule a Friday
afternoon or Monday afternoon time to go over general
questions about the previous two classes. Email me if interested.

Lab next week: Please wear a short-sleeved shirt (we will be
doing electrocardiography). (Layering is fine!)

Reading:

Feb 23:23.2, 23.3 up to “Got 1t?” 23.1 (skipping p. 389 and
example 23.3; we are doing much more with dielectrics)

Today: 23.4 but not example 23.5; 24.1

March 2: Wolfson 24.2, 24.3 (“Plasmas™, “semiconductors,” and
“superconductors” are optional —you may find them
interesting!), and 24.4. I encourage you to read at least some of
this before class.

Comments on pacing questions
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Key ideas from last time
Charging a capacitor:

Battery provides potential energy to the charges on its terminals,
and thus to the charges on the electrodes
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Dielectrics vs. conductors
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Electric fields in dielectrics

Case 1: Source charges of the original electric field stay the same: E,, is reduced

(Examples: Charged capacitor that is not attached to a battery, ions in a dielectric solvent)

¥ = No dielectric:

= Potential difference across capacitor is AV,

Electric field is Epjpes

Area of plates is 4, separation between plates is d

Charge on capacitor plates is +0y, charge density is 6, = +0y/4

E =Ffp=—t=s— =T
plates 0 d

Add dielectric: dielectric polarizes, giving induced charge on dielectric surface due to polarization of
dielectric. (This charge is sometimes called “bound charge” because it is part of the dielectric, and can’t

move onto the capacitor. The charge on the capacitor plates is sometimes called “free charge™.)

Electric field strength (and potential difference) are reduced due to the
polarization of the dielectric.

The electric field in the dielectric is the combined electric field of the
charge on the plates and the induced charge on the dielectric. The
charge on the plates hasn’t changed, so we have

5 = 5 Qo+ 4 -

Eoral = E plates + Einduced = A::)d”ced to the right
n (On the figure, the electric field in the dielectric is labeled E,. This is

) % m',&m ‘irhe same as Ey.)

Eo Eimlm‘td
>
NN

Ginduced iS the amount of induced charge at the left of the dielectric, adjacent to the positive plate, so that

Qb *+ Ginducea 18 the total charge in the two layers combined. As the induced charge adjacent to the positive

capacitor plate is negative, the total Oy + Gingucea 15 less than Oy, corresponding to a reduced electric field:

We define «, the dielectric constant, as a parameter that describes how much the field is reduced

compared to the field that the source charges would produce without the dielectric:

E =—=—=—
total K kg K:ASO

K is a property of the particular dielectric material. It is a positive number greater than 1. Note « is nof the

same as k& = 1/4ne,.

How much charge is induced? Combine the two equations for Ey:

+4;
(Q0+ Ginducea) _ Qo which can be solved for gimuces 1o give

Agy, KAE

1 . .
Ginduced = —Qo[l - ;J (We expect Ginauceq t0 be negative, and it is.)

This gives the amount of induced charge on the surface of the dielectric, in terms of the dielectric constant

and the amount of source charge (in this case, the charge on the capacitor plates).

This derivation is done for two parallel plates, but the relationship between g;,4,c.; and @y, and
between E;,, and E,, is the same for any source charge arrangement, as long as the source charges

do not change when the dielectric is included.




Case 2: The potential difference and electric field do not change: amount of source charge increases
(Examples: Capacitor that is attached to a battery, charged cell membrane that has potential difference
maintained by molecular ion pumps)

%+ Rindacced
e Gt Now we require AV, and therefore E,, to stay the same

AV,
Without dielectric: just as in case 1, E 05 = Eg = % _ 9 _Cleap
gy Agg d

With the dielectric: The dielectric polarizes, but the battery puts more
charge on the capacitor plates to maintain the same electric field strength,

so now the charge on the positive plate is g., and we have

Cp

J

Epa=E plates+ Einduced = Eg
9+t Ginduced — QO
ASO A80

50 Eiotal =

Let us find how much charge is on the plates, g., in terms of the original

. . Aarge 1
(@) ) charge Q. The last equation gives us

Figure 30.27 Bound and free

charges on (@) a vacuum-filled . -
and (b) a dielectric-filled paral- 9++ Qinduced = 2
lel-plate capacitor connected to

a battery.

Just as in Case 1, Eyu is reduced by a factor of x from the field of just the charged plates:

_ (‘I+ + qinduced) 9+

E = =
total A £o KA £0

which we can solve for ginauces

1 . . .
Ginduced = —q+(l ——] (again Giaucea is negative as we would expect).
K
Substituting this into g, + giuguceq = Qp in order to eliminate Gingucea gives
1
— 1-—|=
9+ ‘14{ K') 9
which can be simplified to
% = or 9+ =xQp

So when AV, is fixed, the amount of charge on each capacitor plate, or on each side of the cell
membrane, increases by a factor of x, compared to what it would be with the same AV, but without the
dielectric. Again this is true for any arrangement of source charges, not just parallel plates.

In both cases:

* The polarized dielectric reduces the electric field by a factor of x, compared to the field of the
source charges alone.

*» The relationship between the amount of source charge (@, in case 1, ¢. in Case 2) and Giuguceq is the
same! This must be true because the dielectric must polarize the same way in response to a given amount
of charge on the plates, regardless of whether there is a battery attached or not.

Figures from Mazur, Principles and Practice of Physics (to be published by Addison-Wesley).
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A parallel plate capacitor is charged and
disconnected from the battery used to charge it.
Then, a slab of dielectric is inserted between the
plates, completely filling the space between the
plates.

How do the strength of the electric field
between the plates, E,,., and the potential

difference from one plate to another, AV,

compare to their values before the dielectric 1s
added?

1. Eprr and AV, are both larger.
2. Eyyi remains the same and AV, is larger.
3. Eprr and AV, both remain the same.

4. E,,q 1s smaller and AV, remains the same.

QEM, and AV, are both smalle?
6. Need more information.

AV‘”‘? = Ehlzf d




A parallel plate capacitor is charged and
disconnected from the battery used to charge it.
Then, a slab of dielectric is inserted between the
plates, completely filling the space between the
plates.

How does the capacitance of the capacitor C
compare to its value without the dielectric?

1. C is smaller because AV, 1s smaller.

2. C remains the same because the plate shape
and separation are the same.

@s greater because AV, is sm@
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- A parallel plate capacitor 1s charged and
remains connected to the battery. Then, a slab o
dielectric is inserted between the plates,
completely filling the space between the plates.

How do the strength of the electric field
between the plates, £, and the charge on the
positive plate, ., compare to their values
before the dielectric 1s added?

1 :
@ (2. E remains the same and Q. is larg@
3. E and O, both remain the samie.

4. E 1s smaller and Q. remains the same.
5. E and Q. are both smaller.
6. Need more information.
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™ A charged parallel plate capacitor remains
connected to the battery and then a slab of
dielectric is inserted between the plates.
Compared to the energy before the slab was
inserted, the energy stored in the capacitor with
the dielectric, U.,p, 1S
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©  Two charged particles with charges +e and —e
are surrounded by a dielectric (k > 1). How does

the electric potential energy of the charges
} Ucharges{ compare to the energy of the same

arrangement in air or vacuum (K = 1)?

@ Utcharges|1S smalleQ

2.|Uchargesremains the same.
3. |Ucharges1S greater.
4. Need more information.




Energy stored in dielectrics

Energy stored in capacitors:

All the relationships worked out for the energy stored in a charged capacitor still apply, because nothing
about the derivation depended on there being no dielectric. Just keep in mind that the capacitance now has
a factor of the dielectric constant in it. Using ¢. for the charge on the positive capacitor plate these
relationships are:

1

2
_1 +_1 KAE
cap“2

2 1] .
C(AVp) =L =2g,4V,, with C==—2

v =32c°3

Electric potential energy of arrangements of charged particles:

Charged particles represent a case in which the source charges of the electric field are fixed. (The
particles have the same charge whether there is a dielectric or not!) The electric field of fixed source
charges is reduced by a factor of x in the presence of a dielectric, so the electric potential energy change
associated with moving through that electric field also decreases by a factor of x:

Eoral = E_;:') (fixed source charges) and AUpp=gAV,, = —qf E @ dr
A

gives AUy gior = AUsg

(fixed source charges).

Likewise the total electric potential energy of an arrangement of charges also decreases by a factor of «:
Ucharge.s',O _[ q1932

Ucharges Jdiel —

1
— for the case of two charges g, and g, separated by r;

K 47[80)'12 K

Energy density of the electric field:

The energy density of the electric field increases by a factor of k¥ when a dielectric is present. To show
this, we determine how the energy density changes with the addition of a dielectric at fixed electric field
strength, and hence fixed potential difference, so that we compare the energy density with the same values
of electric field Ej.

For fixed potential difference, the total energy in the capacitor with the dielectric is
1 2_1 2_lxAgy 2,2 1 2
Ucap = EC(AVMP‘O) = EC(EOd) =~ Eqd" = keoEg Ad
and the last expression is just the energy density multiplied by the volume in the capacitor:

Ugap = %KEOEgAd = ug(volume)
so, the energy density in an electric field in a dielectric is

1 2
ug=o KegEqQ

These results apply to any situation, even when there is no dielectric! Just remember that for air
and vacuum, x=1 (for vacuum, x=1 exactly; for air x=1.0006, but for our purposes you can just use
x =1.) Think of k as telling you how much the dielectric polarizes. In vacuum there is nothing there to
polarize so we just have xk=1.



ngeumw sr%vm\s we mecasSvre outside %Le,_,.bgdu

_%MA.QJ'C_A_L, S
—_elechro cavdioon _Sb_ck ete&(zo des aﬁ_b,JlQmA

———————

ANLASOre. bot-&vd"oal ob\ﬁfww.cu- — uma- Macfhv\iy ,,_

- EE§ 'ﬁ_bm,_e&Lha.__ o

—Zpess ible— .
M'{v undtrgdond for sisgite, ﬁ»—“w charged cells

L 0R ‘R\“u W_Q\ﬂ«%ei_u“& . L

'E 1S zewo wh:&el

— = 19 = PVIisk. O S

- AMso bre of me. c«wa&u;&ﬁ uLLS :uc(« af

+U+ - —ceances: _

7 (TE dascuasged, ebviously  E£= _we»quzh_»-g)

So Wew do Woh«c.oi S‘awc‘.&r Wwe. Can yneasSuce  ( m—&mnl._, __;

L_w MSW . _

[(‘A’As_db\ C&ﬂ_&_lehl -ftcd' CSlheets &am L -

. U 2. N ) T A N =) + « - —

EUIRVARD [ [

ﬂﬁd\q-dwcd_cd!*mmhvm (“poL_.ub«cd )
_When a mavscle e\ embads o o meave ﬁwd s h“o»{-t—! .

rannels Open up__%‘;ﬂu_ MWW B oleA——
. hace hurel v Dwelmaﬁhm "
\-\-c,wd— Ts made vp of Marng of fhese cels noxt 4 eﬂ.d\ d'HA-!AL_ L

Deesmt happem eveuuhoant o onge — Cleaks atene
tnd, amd_havels &Le-vt.q.. R,

o(:kuwl- PN

o s guem  gmme g

NoT 2evp gutside (M wmuch wreckoen \\"'/

M+m_g_£,b\h(a ends? o dipko f(’ ( L LL

Hham e f1dd wmside ) . Measoedlas Geod |



