Midterm 2
Ramesh
November 1, 2010

Problem 1 (25 points)

A parallel plate capacitor has area A = 20cm? and a plate separation of d = 4mm.

(a)

If the breakdown field is Ey = 3 x 10°V/m, calculate the maximum voltage and charge the capacitor
can hold.

The breakdown field is the minimum electric field at which a material ionizes; in air, this means a spark
forms.

Maximum voltage:

Vinae = Fod=3x10°%x 0.004 = 12kV

To find the maximum charge corresponding to V' = 12kV, we need the capacitance of the parallel plate
capacitor,

€A 8.85x 10712 x 0.002

The charge is determined from C = Q/V:
Q = OV =12x10"x4.425x 1072 =53.1nC

A Teflon sheet (dielectric constant k = 2.1) is slid between the plates, filling the volume. Find the new
capacitance and maximum charge if the breakdown field is 25 times larger than air.

The dielectric increases the capacitance by a factor &,

Chew = KX Coqg=2.1x4.425pF =9.2925pF

The breakdown field, and hence the maximum voltage, increase by a factor of 25, so the new maximum
voltage is View = 25 x 12kV= 300kV. The new maximum charge, Qnew = Crew Vnew, is a factor of 2.1 x 25
greater than the old charge,

Qnew = 21x25x Qold = 28,LLC

Before the insertion of the Teflon plate, the plates are set to a voltage of 24V, and then the battery is
disconnected. What are the energies in the capacitor BEFORE and AFTER the Teflon is inserted?

There are three equivalent formulas for the potential energy stored in a capacitor: U = %QV = %CV2 =

%%QZ. The voltage V' between the plates will change when the Teflon is inserted, but the charge @
remains constant; hence the most useful formula is U = %%QQ.

The charge on the capacitor is @ = C'V = 4.425pF x24V=106.2pC. Calculating the numbers,

1 1

Ubefore 5m(1062 X 10712)2 = 127nJ
1 1

Uagter (106.2 x 107'%)2 = 0.61n)

290.2925 x 1012

The potential energy decreases when the dielectric is inserted; the energy goes towards pulling the
dielectric into the capacitor (see the challenge problem on worksheet EG).



(d) Suppose that the Teflon sheet in part (c) were only Zmm thick, and placed halfway between the plates.
Find the electric field everywhere in the capacitor, and the new capacitance.

The arrangement is shown in figure 1. Before the dielectric is inserted, the electric field has magnitude
|E| = % = 6000V/m. After the dielectric is inserted, the electric field in regions A and C (outside
the dielectric) remains unchanged, E4 = 6000V/m. In region B (inside the dielectric), the electric field

decreases by a factor of k: Eg = £%0V/m= 2900V/m.

i imm
=D 1 2mm
i 1mm

Figure 1: Capacitor with dielectric halfway between plates

Capacitance: Two methods to find the capacitance are 1. integrate AV = — [ E'-dl, and 2. treat the
arrangement as three capacitors in series, i.e. regions A, B, and C. I'll do the second method. Treating
regions A and C like capacitors with A = 20cm?2, d = 1mm, and no dielectric, the capacitances of A and
C are

. . €0A
Ca=Co= Imm’

Treating region B like a capacitor with A = 20cm?, d = 2mm, and dielectric constant x = 2.1,

FLGOA

5=
2mm

Now add these three values following the prescription for capacitors in series:

I 1 n 1 n 1
C  C4 Cp Cao
Imm 2mm Imm

GQA + FLGOA + GQA

1 omm + 2mm
= —(2m —_—
€A K

8.85 x 10712 x 0.002
~C = T 6pF
2+2)x10°3
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