PHYS 1444 — Section 003

L

Lecture #11
Tuesday, Oct. 4, 2011
Dr. Jaehoon Yu

e (Capacitors in Series or Parallel
 Electric Energy Storage

« Effect of Dielectric

« Molecular description of Dielectric Material

Today’s homework is homework #6, due 10pm, Tuesday, Oct. 11!!
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Announcements

* Please bring your special projects!!

* Colloquium on tomorrow, Wednesday, Oct. 5
— Triple credit, Mark your calendars!
— Title: “A Quest for the Origin of the Universe”
— Guess who the speaker is...

Tuesday, Oct. 4, 2011 @2 'S 1444-003, Fall 2011 Dr. Jaehoon

Yu




Physics Department
The University of Texas at Arlington

COLLOQUIUM

A Quest for the Origin of the Universe

Dr. Jaehoon Yu
The University of Texas at Arlington
Department of Physics

4:00p.m Wednesday October 5. 2011
Room 101 Science Hall

Abstract:

High Energy Physics is a field of physics that pursues understanding the fundamental building
blocks of martter and the forces between them. For these. the field uses powerful particle
accelerators to probe deeper into ever smaller scales in the universe and complex detectors 1o
analyze the phenomena emerging from the accelerator. The Large Hadron Collider (LHC)
experiments at CERN have started taking data early 2010 and are producing resulis in pursuit for
the last undiscovered particle. the Higgs boson. One of the next generation particle accelerators
for even more precise understanding of the universe is that collides electrons and positrons on a
straight line. The UTA High Energy Physics group has been working on developing an
advanced calorimeter - an energy measuring device - for this and other future accelerators using
a new detector technology. the Gas Electron Multiplier (GEM). In the process of development.
we have noticed that GEM detector is sensitive to X-rayvs and other radiations and have started
collaborating with many institutions around the world, including the University of Texas at
South Western Medical Center, for its use in everyday lives. In this talk. T will explain High
Energy Phyvsics. selected recent Higgs results from the ATLAS experiment at the Large Hadron
Collider and their implications, the linear collider and the principles of GENM detector and its

potential use on everyday lives.

Refreshments will be served at 3:30 in the physics lounge




Capacitors in Series or Parallel

» Capacitors are used in may electric circuits

« Whatis an electric circuit?

— A closed path of conductors, usually wires connecting capacitors and
other electrical devices, in which

* charges can flow
* And includes a voltage source such as a battery

» Capacitors can be connected in various ways.
— In parallel, in Series or in combination
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Capacitors in Parallel ¢

+ 11—

» Parallel arrangement provides the same 01
voltage across all the capacitors. a | 402 | b
— Left hand plates are at V, and right hand 2
plates are at V, 2
— So each capacitor plate acquires charges 03"
given by the formula )

- Q,=C,V, Q,=C,V, and Q;=C,V Il
* The total charge Q that must leave the battery is then
- Q=Q+Q,+Qy=V(C4+C,+Cy)
* Consider that the three capacitors behave like an equivalent one
~ Q=C,,V=V(C,+C,+C,)
* Thus the equivalent capacitance in parallel is [C, =G + G, + G

AT

" What is the net effect? 'S‘ The capacitance increases!!!
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Capacitors in Series

* Series arrangement is more interesting -

— When battery is connected, +Q flows to the left plate
of C, and —Q flows to the right plate of C,.

— Since the in between were originally neutral, charges
get induced to neutralize the ones in the middle. VoV,

— So the charge on each capacitor plate is the same value, Q. (Same charge)
Consider that the three capacitors behave like an equivalent one

- Q=C,V
The total voltage V across the three capacitors in series must be equal to
the sum of the voltages across each capacitor.

- V=V, +V,+V,=Q/C,+Q/C,+Q/C,

Putting all these together, we obtain:
V=Q/C,,=Q(1/C+1/C,+1/C;) S
Thus the equivalent capacitanceis [c ~¢ "¢, ' ¢,

€q
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What is the net effect? The capacitance smaller than the smallest C!!!




Example 24 — 5 Cz

Equivalent Capacitor: Determine the | C,
capacitance of a single capacitor that will ~ +—— | —o

d

have the same effect as the combination !
shown in the figure. Take C,=C,=C,=C. \)\éj
We should do these first!!

How? These are in parallel so the equivalent capacitance is:
Ceq1 = C +(C,=2C

Now the equivalent capacitor is in series with C1.

1 1+1 1 13 2C

— + = Solve for C, =
C, 20 ¢ ac el Gy =7
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Electric Energy Storage

A charged capacitor stores energy.
— The stored energy is the amount of the work done to charge it.

The net effect of charging a capacitor is removing one type of
charge from a plate and put them on to the other.

— Battery does this when it is connected to a capacitor.

Capacitors do not get charged immediately.

— Initially when the capacitor is uncharged, no work is necessary to
move the first bit of charge. Why?
* Since there is no charge, there is no field that the external work needs to
overcome.
— When some charge is on each plate, it requires work to add more
charge due to the electric repulsion.
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Electric Energy Storage

The work needed to add a small amount of charge, dg, when
a potential difference across the plate is V: dW=Vda.

Since V=q/C, the work needed to store total charge Q is

0 0 )
WzJqu:qudqu—
g O 2C
Thus, the energy stored in a capacitor when the capacitor
carries charges +Q and -Q is Qz
U=—
2C

Since Q=CV, we can rewrite

2
v=2 _Leyr Loy
2C 2 2
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Example 24 - 8

Energy store in a capacitor: A camera flash unit stores
energy in a 150mF capacitor at 200V. How much electric
energy can be stored?

Using the formula for stored energy. ~ Umm.. Which one?

What do we know from the problem? CandV

SoweusetheonewithCandV: U :%CV2

. 1 2 | —6 2 _
U=_CV _5(150><10 F)(200V) =3.0J

How do we get J from FV2? FV* = (%jl/z =CV = C(%j:J

Tuesday, Oct. 4, 2011 -31 S 1444-003, Fall 2011 Dr. Jaehoon 10

Yu




Electric Energy Density

 The energy stored in a capacitor can be considered as being
stored in the electric field between the two plates

+ For a uniform field E between two plates, V=Ed and C=¢,A/d
* Thus the stored energy Is

_1 2_1 80/1 2_1
U=_Cv _2( y )(Ed) _ngE

o Since 4dis the gap volume V, we can obtain the
energy density, stored energy per unit volume, as

1 2 Valid for an
_ ! y space
U= 9 gOE that is vacuum

Electric energy stored per unit volume in any region of space is proportional to the square of E in that region.
N Linc Tu




Dielectrics

Capacitors have an insulating sheet of material, called
dielectric, between the plates to

— Increase breakdown voltage than that in the air

— Higher voltage can be applied without the charge passing
across the gap

— Allow the plates get closer together without touching
* Increases capacitance ( recall C=¢g,A/d)

— Also increases the capacitance by the dielectric constant
C=KC(

— Where C, is the intrinsic capacitance when the gap is
vacuum

Tuesday, Oct. 4, 2011
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Dielectrics

* The value of dielectric constant varies depending on
material (Table 24 — 1)

— K for vacuum is 1.0000
— K for air is 1.0006 (this is why permittivity of air and
vacuum are used interchangeably.)

« Maximum electric field before breakdown occurs is
the dielectric strength. What is its unit?

- V/m

* The capacitance of a parallel plate capacitor with a

dielectric (K) filling the gap is C=KC, = Ke, g
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Dielectrics
 Anew quantity of the permittivity of dielectric is

defined as g=Kg,

* The capacitance of a parallel plate with a dielectric
medium filling the gap is

ngé
d
* The energy density stored in an electric field E in a
dielectric is " "
u=—KeE* =—¢E’
2 2

Valid for any space w/

Tuesday, Oct. 4, 2011 dielectric w/ permittivity €.
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Effect of a Dielectric Material
« Let's consider the two cases below:

Case #1 : Vo 1+ Qo Qo

E Q() 0 V,
constant V : . 0
no dielectric

(a) Voltage constant

Case #2 . + Qo o
Vo= = C,==0.
constant Q © —Qp °

no dielectric

(b) Charge constant
 Constant voltage: Experimentally observed that the total charge on

the each plates of the capacitor increases by K as the dielectric
material is inserted between the gap =» Q=KQ,
— The capacitance increased to C=Q/V,=KQ,/V,=KC,

» Constant charge: Voltage found to drop by a factor K =» V=V /K
— The capacitance increased to C=Q,/\V=KQ,/V,=KC,
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Effect of a Dielectric Material on Field
What happens to the electric field within a dielectric?

Without a dielectric, the field is

— What are V, and d?

« V,: Potential difference between the two plates
* d: separation between the two plates

For the constant voltage, the electric field remains the

Sdme

E, =2

Vo
d

For the constant charge: the voltage drops to V=V K,
thus the field in the dielectric is

— The field in the dielectric is reduced.

Tuesday, Oct. 4, 2011
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Example 24 — 11

Dielectric Removal: A parallel-plate capacitor, filled with a dielectric \
of K=3.4, is connected to a 100-V battery. After the capacitor is fully K=34 140mm
charged, the battery is disconnected. The plates have area A=4.0m?, 0V
and are separated by d=4.0mm. (a) Find the capacitance, the charge

on the capacitor, the electric field strength, and the energy stored in

the capacitor. (b) The dielectric is carefully removed, without \
changing the plate separation nor does any charge leave the T 7= 4.0mm
capacitor. Find the new value of capacitance, electric field strength, ©) "

voltage between the plates and the energy stored in the capacitor.

100V

A Ke, A O
(8) c="5=""=(34x885x1072 C*/N-m?) 40’"3 =3.0x10° F =30nF
d d 40107 m
0= €V =(3.0x10"*F )x100V =3.0x10°C =3.04C
L 100V3 =2.5x10" V/m
d  4.0x107m

U="Lep - l(3.0><1o—8F)(100V)2 =1.5x10™J
2 2
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Example 24 — 11 cont'd

(b) Since the dielectric has been removed, the effect of dielectric
constant must be removed as well.

C
C, = E:(8.85><10‘12 C*/N -m =8.8x10”° F =8.8nF

Since charge is the same (), = (J) before and after the
removal of the dielectric, we obtain

V.=0/C,=KQ/C=KV=34x100V =340V

V. 340V
E, == ——=8.5x10"V/m=84kV/m
d 4.0x107m
| o) 1 C 2 | 2 4 —4
Uy==CVy ==—(KV) ==KCV* =KU=34x15x10"*J=5.1x10"*J
2 2 K 2
Wrong%
Where did the extra e \",Vvig':‘g'!

energy come from?.

External force has done the work of 3.6x10-J on the system to remove dielectric!!




Molecular Description of Dielectric

» So what in the world makes dielectrics behave the way they do?
* We need to examine this in a microscopic scale.

* Let's consider a parallel plate capacitor that is charged up +Q
(=C,V,) and —Q with air in between.

— Assume there is no way any charge can flow in or out
+0 -0

(D
(D
()

* Now insert a dielectric

— Dielectric can be polar =»
could have permanent dipole
moment. What will happen?

* Due to electric field
molecules may be aligned.
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DOHHOHOHOD

LD WOQ
(LD QDG

+ + +

(2)
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Molecular Description of Dielectric
OK. Then what happens?

Then effectively, there will be some negative charges close to
the surface of the positive plate and positive charge on the
negative plate

— Some electric field do not pass through the whole dielectric but
stops at the negative charge

I _| - Sothe field inside dielectric is smaller than the air
T *7|* Since electric field is smaller, the force is smaller
= +—— - The work need to move a test charge inside the

I: N dielectric is smaller

N // . \\ _| = Thus the potential differepce across the dielectric is
E, E, smaller than across the air

(c) \.
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