Your questions/comments

IMPORTANT ANNOUNCEMENTS:

Exam | tomorrow on Lect. 1-5 material. Extra office hours today.

Next week: | will be out of town after Monday’s Lect. 10 (so, no office hour)
& Bryce Gadway will give Wednesday’s Lect. 11.

“i have too many exams this week to spend time on this prefecture :( too
bad, cuz these prelectures tend to help me out!”

“Can we go over what each equation means? Also, why is the current 0
after the capacitor is charged.”

“I don’t understand how the different resistor values come into play with
the exponential charge increase and decrease of current.”

“The biggest challenge for this prelecture was understanding when to use
the exponential equations that were given to us. There were no examples
in questions or checkpoints of when we have to use them, so some
clarification would help!”
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Phys 102 — Lecture 9

RC circuits



Recall from last time...

We solved various circuits with resistors and batteries (also capacitors
and batteries)

Rl Rl
+ E E E
—— R, R, e L2 Ry

What about circuits that combine all three... ...RC circuits

Rl
. >
— ——¢C R, O
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RC circuits

Circuits that store and release energy controllably...

Camera flash

Defibrillator

Phys. 102, Lecture 7, Slide 4



Today we will...

e Learn about RC circuits

Charge on capacitors cannot change instantly,
so behavior of RC circuit depends on time

* Analyze RC circuits under different situations
Charging capacitors at short/long times
Discharging capacitors at short/long times
Time dependence

e Apply these concepts

Nerve cells and nerve impulses (action potential)
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Charging capacitor

Initially the capacitor is uncharged (Q, = 0)
At t = 0 we close switch S;.

Immediately after:
Current /, flows around loop, through C
No charge on C (Q, = 0)

e-1,R=\. =0 V_ :%:0

&
l, :E C acts like a wire!
Does a current through C mean charges; “hop” over C plates?
\‘!>\'g \o\cj_,vvu.a\{- car V’!‘e-/\“ .
After a long time (t = o):
Charge on C builds until V. = €. Current decreases to zero (/,, = 0)

&=V RV, =0 | =0

Q. =Cg Cacts like an open circuit!
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{ ACT: CheckPoint 1.1

Both switches are initially open and 1
the capacitor is uncharged. What is

the current through light bulb 1 right 2R \ R
after switch S, is closed? 1 C

+
lp =0 15% © T e

< I, = €/2RD 59% s, s,
C. I,= = &/3R 15%
D. I,=¢/R 12%

DEMO

Capacitor is still uncharged so V.=Q/C=0 ¢—1,(2R)=0
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{ ACT: charging

Both switches are initially open and 1
the capacitor is uncharged. What is

the voltage across the capacitor g 2R
long time after switch S, is closed? C

{

)
r!

X

:
V=0 £ J %

A.
—O0—0O
B. VC = 5/2 51 52
CC Veze D
D. V.=2¢ DEMO
55%
Capacitor is fully charged so I, = 0 (CheckPoint 1.3) &-V. =0
V,=1,(2R) =0

Q =Ce¢
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Discharging capacitor

Initially the capacitor is fully charged (Q, = Ce)
At t = 0 we close switch S,

Immediately after: +
Current /, driven around loop, through C €
Charge on C from before (Q, = C¢)

Q __
WV~ R=0 V. = <o
VC _ QO

R RC

Note current in opposite direction! 51

IO
C acts like a battery!

After a long time (t = o):
Charge on C dissipates until V.= 0. Current decreases to zero (/,, = 0)

+VCEDOOR=O |OO=O

Q_.=0  Cacts like an open circuit!
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{ ACT: CheckPoint 1.5

After S; has been closed for a long
time, it is opened and S, is closed.
What is the current through light bulb
2 right after S, is closed?

l,=0 14%
l,=€/2R  14%
l, = /3R 18%

e

DEMO

C.
CD._h=e/R_3%

Capacitor is still fully charged from before, so V.= V. —
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ACT: RC circuit practice

Now both S, and S, are closed. What
is the current through light bulb 2 a
long time after both switches are

closed?
+
A. I,=0 €
B. /,=¢€/2R
CC. 1,=€¢/3R D
D. I,=¢/R PELIE

Capacitor is fully charged so no current flows through it. BUT, current still
flows around outer loop!
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Summary: charging & discharging

 Charge (and therefore voltage, since V.= Q/C) on capacitors
cannot change instantly

e Short term behavior of capacitor:
If the capacitor is charging, current | drives charge onto it, and Q
increases (acts like a wire) 1., #0 ®ep, =0

If the capacitor is discharging, current I drives charge off of it, and Q
decreases (acts like a battery) T ..¥0 62‘;0 t0

e Long term behavior of capacitor:
If the capacitor is fully charged, I = 0 and Q is maximum (acts like an

open circuit) T.n=0 Reoo D
If the capacitor is fully discharged, | = 0 and Q is minimum (acts like an
open circuit) T <0 Qios =0
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Nerve cell equivalent circuit

Neurons have ion channels (K*,Na*, and CI~) that pump current into
and out of cell (it is polarized). Cell membrane also has capacitance

Exterior K+

150mM 4 mM A
I
|
I
1
|
1

Va I U U lﬂ

12mM 140 mM

Nongated Na* channels

Cytosel K* channel (closed)
Vout
IK INa
S
R Ilicity we’ll ignore the
Cm — K anfiel and still get the
Rya ehavior right
—_ &g
o Eng
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Action potential

At rest, Na* channels in cell are closed. When stimulated, the cell’s
voltage increases (depolarization). If a threshold is exceeded, the Na*
channels open & trigger a nerve impulse (action potential)

Exterior
150 mM 4 mM

A HTH Jlﬂ+++ﬂlﬂ+ ++J}H+ -6
12mM 140 mM - 4 "
Cytosol Na Na i
[
IK INa i
S e
N
C —— Rk
m R
Na
+
m—— -
— ENa
+ Phys. 102, Lecture 7, Slide 14




ACT: Resting state of neuron

VOU
The neuron has been in resting state t
for a long time. What is the voltage (L\
Lo ) S
across the membrane capacitance? 0
4 '
C., _j e; > Rk .
A. V.>¢, + E Na
_ = €
CB. V=g D \ L e,
+
C. V. <g v
Na* channel is closed (switch S is open) £, =70 mV, £, = 60 mV,
At rest, no current flows through C R, =2 MQ, R,, = 0.4 MQ, C,, = 300 pF

So, no current through K* channel (/, = 0)

te, -V, =0 V. =g =70mV

Also, V. =V . =—¢&, <— Resting cell voltage
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Calculation: action potential |

Some time ago, the cell was stimulated and Satker
depolarized to —60 mV, less than threshold to b
open Na* channels. What happens next? E\'

[
Immediately after: C i
No current through Na* channel .

w

Current /. driven by K* channel
Charge Q,on C,, from V.= 60 mV

+& — 1 .R, —V. =0
&« Ve 0.07-0.06
IK=%: >0~ oA £,=70 mV, £, = 60 mV,
K 8 R,.=2 MQ, Ry, = 0.4 MQ, C,, = 300 pF

f ¢ ©§ 4 T
Thara [mnveh

After a long time:
Current /, decays to O
Charge on C,, returns to rest value

+e, -V, =0 V. =70mV

Current flows to repolarize the cell
(failed initiation)

How long does this process take?
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RC circuit time dependence

Charging: Discharging:
Q(t) Q(t)
e—1(t)R- =0 —1(t)R=0
(t) c c (t) i

Charge builds up: Charge decays:
Q(t)=Q.(1-e"™) Q(t) = Qe ™™
Current decays: Current decays:
1(t) =1, 1(t) = 1,67

Note that RC has units of time!
RxC = [V]/[1] x [Q]/[V] = [Q]/[I] = [t]
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Myelinated nerve cells

Action potentials propagate down nerve cell at rate determined by
the cell’s RC time constant.

myelinated potential

axon \'-. _
node of e
- e SR—

Ranvier s il
\ . - \7\

rielin spread of
sheath depalarization

cell body
[zama)

action
patential

unmyelinated
axon

With very few exceptions (ex: C fibres) human neuron fibres are myelinated.
Myelin reduces C, decreasing time constant & increasing propagation speed.

2002 Encyclopadia Britannica, Inc.

Many neurodegenerative diseases (ex: MS) cause progressive de-myelination.
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Calculation: action potential |

How I aturn to 90% of its resting voltage?

Cell voltage V., - V, ., =—-V.=-Q/C:
AV (t) =10e™/"«Cn
AV (t,,) =10(1—0.9) = 10g 'R«

Take natural log of both sides:

tgb(&.laRiQJ%Q.l)
FES(( 00x107)(-2.3)

| =—(2x10
1
=70 1- —/f— -—== Resting state

Stimulus
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Calculation: action potential Il

Now, the cell was stimulated and depolarized
to =50 mV, over the threshold to open Na*
channels. What happens next?

Immediately after: C
Current /,,, through Na* channel
Current I, driven by K* channel
Charge Q, on C,, from before

+e — kR =V =0 V, =-50 mV
e —V 07-0.

|K=M:OO 0605:10nA E=70mV, g,,=60mV,
R¢ 2x10

R, =2 MQ, R,, = 0.4 MQ, C,, = 300 pF

+&na — InaRya Ve =0 :
Na Na ™ "Na C Net current flows to depolarize the cell further

| Ene +Ve  0.06+0.05 (action potential)
N~ o = -
R, 0.4x10 S>>,
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ACT: action potential Il

A long time after stimulating the

cell, which statement below holds
TRUE?
+Q,,
C, ——
A. All currents are 0 +Q,
Q The currents I, = w
C. Voltage across C,,is 0O
Vin
After a Ior.ﬁ;cllme, c:rren;c]t;rouihNCT |sh0, bu'lc g,=70mV, g,,=60mV,
current still flows throug and Na* channels R,=2MQ, R, =0.4MQ, C, = 300 pF
+&¢ — IRy = IR, +&y, =0
g, +& Vin —¥a ¥ By =R
kTN 013 oyoa : )

R +R,, 24x10°

= 0.06-54x10"°-0.4x10°€ 38 MV

Cell polarity reverses —
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Action potential summary

If the stimulus exceeds =55 mV, the Na* channels open, depolarize the
cell & trigger an action potential.

ﬁ— Action potential

=55

—-70

> t(ms)

“Failed initiation”

L__L

______ Z— - — === Threshold

sememenee e = Resting state

Velaga (V)
-

Once a +40 mV potential is reached, the Na* channels close again &
the cell repolarizes to its resting potential.
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Summary of today’s lecture

e RC circuits depend on time

Charge on capacitors cannot change instantly

e Short/long times & charging/discharging

t = 0:/ flows Q onto/off of C, Q increases/decreases
(charging/discharging)

t = o0: | through C decays to 0, Q reaches maximum/minimum
(charging/discharging)

T = RC: provides time to charge/discharge

Next week magnetism!
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