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Bauer/Westfall: University Physics, 2E @gradel2?ua_e

Chapter 25: Current and Resistance

Concept Checks

25.1.e 25.2.a 25.3.a 25.4.a 25.5.a 25.6.¢ 25.7.c 25.8.b

Multiple-Choice Questions
25.1.d 25.2.d 25.3.¢c 25.4.c 25.5.¢c 25.6.a 25.7.c 25.8.a 25.9.c 25.10.a 25.11.c 25.12.d 25.13.d 25.14.a

Conceptual Questions

25.15.  Subject to the applied potential and electric field E, the electrons will accelerate indefinitely due to the
electric force F =qE =ma. The drift velocity and current will increase indefinitely until some other effect
takes over.

25.16.  The voltage across the light bulb is constant. The resistance of a piece of metal (the filament in the bulb) is
lower at low temperatures compared to higher temperatures. Since V =iR and V is constant, and the
resistance is low, the current i must be large. When the light bulb is first turned on, the filament is cold,
so the current is large. A large current increases the likelihood of the light bulb burning out.

25.17.  They will be brighter if they are connected in parallel. In parallel, the light bulbs will pull twice the current
from the battery, which is twice the power. In series, the circuit has twice the resistance, as it draws only
half the current.

25.18.  Resistors in parallel
1 1 RR R 1 1 RR R
Rarallel:_+_: — = 2 <RZ and Rarallelz_+_: 2 = : <R1'
P R, R, R+R, 1+R /R P R, R, R+R, 1+R/R,
The resultant resistance is always smaller than the smaller of the two values. In particular, if the difference
between the two values is large (an order of magnitude or more), the resultant resistance is less than but

very close to the smaller of the two. Example: if you connect in parallel a resistor R =1Q and R, =10 Q,
you get a resistance of 0.91 Q. If R =1 Ohm and R, =1k, you get a resistance of 0.999 Q.

V2
25.19.  In calculating power, we can use any of the following three equivalent formulas: P =iV = Ri’ R For

resistors in series, the current is the same through all the resistors, so it makes sense to use P =Ri*,and it
is thus apparent that the higher the resistance, R of a resistor, the higher the power dissipated on that

resistor. For resistors in parallel, the voltage across all the resistors is the same, so it makes sense to use
v? . . . . g
P= = and it is thus apparent that the resistor with the lowest resistance will dissipate most power.

25.20.  Consider the following diagram.

1 1 1 RR
—=—+— = R =—"7-,50
Req R R R +R,
. ) . . . . RR, . R, .
V,=V,=V=iR, = iR =i,R,=iR, = iR =i =i = i
K E R +R, R +R,
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25.21.

25.22.

25.23.

25.24.

Chapter 25: Current and Resistance

1 1 1 1 1 1 1 1
Since the resistors are in parallel, —=—+—+—+..=—=—+—+—+..,andR=10Q. Let
R, R R, R R, R R R
1 1 . . 1 2, 3 1 2, .3
x=—=——. The series can be rewritten as: —=x+x"+x"+... = l+—=1+x+x"+x" +..., but
R 10Q R, "
2 3 1 1
l+x+x"+x" +...= for |x|<1, and —<1, o) that means that
1-x) 10
11 11 1-1+ 1 1-x 1
+—=— = —= -1= X = —-* = RT:—x:——l, which then gives the
R 1-x R 1-x 1-x R 1-x X X

T T

formula l:R = R, =R-1=10Q-1Q=9Q.
x

The black wire, having lower resistance, will draw more power than the red wire since
2

P=iV=i2R:AV

,where AV is the battery voltage. Since the wire converts this electrical energy to

thermal energy, the black wire will get hotter. Note that if the battery has significant internal resistance
that will affect the temperature of the wires, but the black wire will still be hotter than the red wire.

No, ordinary incandescent light bulbs are not actually Ohm resistors. They can be operated over a wide
enough range of currents, hence temperatures, that the temperature dependence of the filament resistance
is significant. The resistance of an ordinary light bulb measured with an Ohmmeter at room temperature
is substantially lower, that its resistance at an operating temperature of order 2000 K. By connecting light
bulbs in series it is possible to operate them at a range of voltages, hence currents, wide enough to display
this variation in resistance. The experiment is quite pretty as the light bulbs can be made to glow colors
ranging from red through orange and yellow to white. A plot of V versus i for the light bulbs is not the
straight line of an Ohm resistor it steepens noticeably the resistance increases as i increases.

(a) No assumptions can be made about the geometry and this is certainly not a steady state of equilibrium
situation. However, if we consider a surface S surrounding the injection region as a Gaussian surface then
the charge Q(t) is given by Gauss’ Law Q(t)= gcj)s}:}d;\, where the permittivity incorporates the
dielectric properties of the material. The material is ohmic so the electric field E drives current density
J =0 E. Hence, the above equation can be written Q(t)=(e/o-)<ﬁj-d;1. By the definition of ], the

integral here is the net rate of charge transport out of the volume surrounded by S. Charge conservation
requires that this be equal to the rate of decrease of the charge within that volume (no charge can be

gained or lost): @gfdﬁ =-dQ/dt. This is the certainty equation for electric charge: it is similar to the

continuity equation of field mechanics, which expresses the conservation of field mass for particle number.
It has the advantage that it applies in every situation. Here it implies d—?:—(a/ e)Q is the desired

differential equation.
(b) Students at this level should recognize immediately that the solution of a differential equation of this
form is an exponential function. Explicitly, the equation implies

JQ(t)dil = —Erdt’, or In Q) = —it, ie. Q(t)=Q, exp(—itj,
Q@ Q e 0 Q, e e

for all +>0. The charge in the injection region decays exponentially rapidly for a good conductor slowly

for a poor one and the injected charge moves to the outer surface of the conductor.
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25.25.

25.26.

25.27.

(c) The proceeding result implies that the time required for the charge in the injection region to decrease
2 —

by half is ¢, :gh{—]. For copper, <7=(1.678-10’8 Q m) " at 20°C and £—¢&, by assumption
c

yielding

(8:85:10™ C*/Nm’)In2
to = - -———=1.03-10" s.
5.959-10" (Q m)
This is less than the crossing time of light over a single atom so this calculation particularly the
assumptions of Ohmic behavior and unit “dielectric constant” may not be very accurate in this case. It
does indicate; however, that the evacuation of free charge from the interior of a good conductor is very
rapid. For quartz the data is somewhat varied. The Handbook of Chemistry and Physics gives

o-=(1-103 Q m)_1 at 20 °C for SiO, and &=(3.75-4.1)¢, for fused quartz. A typical value for ¢,
would be

) 3.9(8.85'10712 C? /(N m’ ))lnz —200's
110" (Q m)”

over three minutes, some twenty one orders of magnitude longer. Reitz and Milford gives

$i0,
L

o=(75.107 Qm)  for fused quartz.

, 3.9(8.854~10‘12 c /(N mz))an
This implies a value ;5> = - - =1.8-10" s, or about 210 days.
13-10" (Q m)

You can write the drift speed of electrons in a wire as v = . For a wire connected across a potential

(ngA)
difference V, you can find the current i in the wire by determining the resistance of the gold wire, which
is just R= P, iy, aaA% / A, where Ax isits length. Therefore,
oV 14 _ 14
- ngA - ngAR - nquresisitivity, Au (Ax / A) - 19 Pregisitivity, Al ‘
Thus, since none of the quantities in the equation above depend on A, it has been shown that the speed of

electrons does not depend on the cross-sectional area of the wire.

The brightness of a light bulb is proportional to its current, so to rank the brightness of the bulbs, you will
need to find and rank the currents. The currents can be found by calculating the equivalent resistance for
the different circuit elements. Bulbs 1 and 2 are in series, so i, =7,. The equivalent resistance for the 2
bulbs is 2R. The current through bulbs 1 and 2 is i, =i, =V /(2R). Bulbs 5 and 6 are in series, so i, =i,.
The equivalent resistance for the 2 bulbs is 2R. The equivalent resistance for bulbs 4, 5, and 6 is

R, =[1/R -1-1/(212)]71 :(2/3)R. Adding bulb 3 in series gives: R, :(5/3)R and the current in bulb 3
is: i, =3V /(5R). The voltage across bulbs 4, 5 and 6 is then V—(3/5)V:(2/5)V. This makes the
currents in bulbs 4, 5 and 6: i, =2V /(5R) and i; =i, =V /(5R). Ranking the bulbs from dimmest to
brightest: (i, =i, ) <i, <(i, =1,) <i,.

Conductor 1: length=L, Radius=R, Area=A, Resistance=R and Voltage=V. Conductor 2:

length=1L, Radius=R, Area=A, Resistance=2R and Voltage=V. Power delivered is given as
VZ V2 VZ

P= = P = = P, = R ?1 Therefore, the power delivered to the first would be twice that delivered

to the second.
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Chapter 25: Current and Resistance

Exercises

25.28.

25.29.

25.30.

The total charge in the Tevatron is Q =iAt. Now, At =L/v, where L is the beam circumference and v is

the speed of the protons. i=11-10" A, L=6.3-10’ m and v=c=3.00-10° m/s. This charge is made up
of n protons:
i (1.10:107 A)(6.30-10° m)

iL
Q=ne=irt =" = n="5_ —1.4-102
v e-c (1.602-10’19 c)(s.oo-lo8 m/s)

The area A is A=zr’ =3.14-10° m’, so the current density is

i 1.00-107 A ) 2
—=————=3183 A/m" =318 A/m".
A 3.14-10°m

The density of electrons is

lel .02-10% 2.700-10°
nz( eectronj{60 0 atoms}[ 8 1-6.02-10* electrons/m?,

atom 2698 g m’

and the drift speed is

318.3 A/m’
v, =2 = /m =3.30-10" m/s.

ne  (6.02:10 electrons/m’ )(1.602:10™ A's)

THINK: The current is the same in both wires due to conservation of charge. This can be used to
compute the ratio of current densities. The ratio of the drift velocities can then be computed by expressing
the drift velocities in terms of the current density. The densities of charge carriers are charges per electron:

ng, =8.50-10® m™ and n, =6.02-10* m~. The other values given in the question that will be needed

are d., =5.00-10" m, andd, =1.00-10" m. The lengths of the wires and the amount of current are not

necessary to solve the question.
SKETCH:

d., =0.0500 cm B
u - d, =0.0100 cm
i Copper wire Aluminum wire N 1

Tﬁ 'T

RESEARCH: ] =i/A, A=cross-sectional area, J=nev, and A= art.
SIMPLIFY:

ne Vaa Ja
CALCULATE:

(®) v, Lo Yae Jeu ;EnCue) 2(]&1&]

2
J.. (1.00:107 m)

(a) —%=-—"——"=0.040000
Ju (5.00-10" m)

(b) —ce - EILJ(EJ - (0.0400)[M] —0.02833

Vou  \Ju N ng, 8.50-10* m™
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ROUND:

(a) Jev _4.0400

Al

v
(b) —+-=0.0283

Vaal
DOUBLE-CHECK: The answers are dimensionless since they are ratios.

25.31. THINK: From the atomic weight and density of silver, the conduction electron density can be computed.
Since both the current and the cross-sectional area of the wire are given, the current density can be
computed and, using the calculated quantities, the drift speed of the electrons can be computed. Use the

data: A=0923mm’, i=0.123mA, M=107.9 g/mol, p, =10.49 g/cm’, N, =6.02-10" mol™,

N =1 electron/atom and e=1.602-10" C.
SKETCH:

RESEARCH:
N ,0 Ag N A
M

i
(b) ]_X

(c) J=nev,

SIMPLIFY:

(a) Not required.

(b) Not required.

(c) vy=J/ne

CALCULATE:

1(10.49 g/em’)(6.02+10” mol ™)
107.9 g/mol

0.123-107 A
(b) J= —=133.3 A/m’

(0.923 mm’ )(10’3 m/mm)

(a) n=

=5.853-10" cm™

(a) n=

133.3 A/m’
(5.853:10% em™ )(10* em/m) (1.602-10™ C)
ROUND: Three significant figures:
(a) n=5.85-10" cm™
(b) =133 A/m’
(c) v, =1.42-10"° m/s

DOUBLE-CHECK: These are reasonable values. Note that for part (a), only the composition and not the
dimensions of the wire are relevant.

=1.421-10"° m/s

() vy =
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25.32.

25.33.

25.34.

25.35.

25.36.

25.37.

Chapter 25: Current and Resistance

10,
=(1.72:10" Qm) 09m  _j1410

n(1.3-10*3 m/z)

L
R:pCuX

The resistances will be the same when their cross-sectional areas are the same.

2 2
7ZR§=7f(d—oj —ﬁ(i] :>RB=l d:—d’
2 2 2

=R, =%\/(3.00 mm)’ ~(2.00 mm)’ =1.12 mm

The copper coil’s resistance increases linearly with temperature. At T, =20.°C=293.15K, it has
resistance R, =0.10Q. The temperature coefficient of copper is «@=3.9-10" K. At
T =-100. °C=173.15K,

R=R,(1+a(T-T,))=(0.10 Q)(l+(3.9'10'3 K™)(173.15 K~293.15 K) ) =0.053 .

The area of 12 gauge copper wire is A., =3.308 mm®. The resistivity of copper and aluminum are,
Pe, =1.72-10° Qm and p, =2.82:10° Q m. In general the equation for resistance is R=pL/ A,
meaning if the two wires have equal resistance per length (L), then
-8 2
P Py 4 _ Pt (28210 Q m)(3.308 mm”)
A, A A 1.72:10° Qm

Al p Cu
This value corresponds to between 9 and 10 gauge wire.

=5.42 mm®.

Since the resistance is given as R= pL/ A, then the setup that maximizes L and minimizes A will give the
largest resistance. This corresponds to choosing L=3.00 cm and
A=(2.00 cm)(0.010 cm)=0.020 cm’. The resistivity is p=2300 Q2 m. Therefore, the maximum

resistance is

R _PL_ (2300 @ m)(3.00 cm) (100 cm

== ]:3.5-1079:351\49.
A (0.020 cmz)

Im
THINK: The copper wire, L, =1 m and 7 =0.5 mm, has an area of A,. The wire is then stretched to
L, =2 m. Since the overall volume (V = AL) of the wire remains constant, if the wire doubles in length,

the area must be halved.
SKETCH:

|— [ —=] |— {_1 —_—]

RESEARCH: The resistance of the wire is R, = pL, / A,. From the conservation of volume, it follows that
V=A,L =A,L,. The fractional change in resistance is AR/R= (R2 —R ) /R,

SIMPLIFY: Since L,=2L, then A, = (1 / 2)A1- The change in resistance is then
AR _(R=R) p(L, /A =L /A) 2L/(1/2)A-L /A 4L /A -L/A

R R p(L/4) L/A L /A
aluminum, independent of p.

CALCULATE: Not required.

=3. It is the same for
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ROUND: Not required.
DOUBLE-CHECK: It would seem to make sense that the fractional change in resistance is the same for
all materials, so having the equation independent of p makes sense.

25.38. THINK: The actual cross-sectional area of the resistor, L =60 cm and R, =1 Ohm, is the difference in
area from outer radius, b=2.5 cm, and inner radius, a =1.5 cm. The resistance of the resistor should vary

linearly with temperature from T =300 °C to T, =20 °C with « =2.14-10" K.

SKETCH:

;m /
%

RESEARCH: The resistivity of the wire is given by p=RA/L, where the area of interest is
Aziz(bz—az). The resistance varies with the temperature: R=R, (1+a(T—TO)). The percentage

change of resistance is found by (AR / R)(IOO%).
SIMPLIFY:
R07r(b2 -a’ )

a) The resistivityis p=—=
@ yE =T L

(b) The fractional change in resistance is:
R,(1+a(T-T,))-R
R

%ﬁ :M(loo%) =

- *(100%) = a (T - T, )(100%).

0 0

CALCULATE:
(1,00 @)z((2.50 em)’ ~(1.50 cm)’
60.0 cm

(a) p= =0.20944 Q cm

(b) %ATR =(2.14-107 K™')(300. °C —20. °C)(100% ) = 59.92%

ROUND:
(a) p=0.209 Q cm, which is much higher than p=1.7-10° Qcm for copper.

A
(b) %—R=59.9%
R
DOUBLE-CHECK: It makes sense that a resistor would be made of material that has a much higher

resistivity than the wiring it connects to but a much lower resistivity than insulating materials that block

current altogether (such as glass, p>10" Qcm).

25.39. THINK: Since the current density across the junction is constant, J, and they share the same cross-
sectional area, they have the same current, i. At the junction, a positive charge will build up, and this
means both electric fields, E, and E,, are pointing towards the junction. Gauss’s Law can then be used to
determine the total charge built up on the interface. The electric fields are also related to the
conductivities, o, and o,.
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25.40.

25.41.

25.42.

Chapter 25: Current and Resistance

SKETCH:

T
l,

prom L

i) ——

RESEARCH: The conductivity is the inverse of resistivity, o =1/ p. The resistivity is related to electric
field by p=E/]. Atthe junction, Gauss’s law states C.g)E-dX =q/ E,. The current density J, is J =i/ A.

SIMPLIFY:  From  the  conductivity and  resistivity, the  current  density is
o-=1/p=1/(E/]):]/E = J=0E; therefore, 0,E =0,E, or E, :(02 /o'l)EZ. Since E: is parallel
and E is antiparallel to dA4, @E-dﬁz(Ez —El)Azq/gO. Solving this expression for g yields the

following.

qzso(EZ—EI)A:s{EZ—(%EZJJA:gﬁ{p(%j}(ﬂ:gﬁz[ _%Ia;liz}:%i(é_a%]

This is what was required to be shown.

CALCULATE: Not required.

ROUND: Not required.

DOUBLE-CHECK: The equation was verified, so it makes sense.

(a)
I L |
G
|-= AV |

Since the potential across wire is AV =12.0 V and the current is i=3.20-10" A. Ohm’s Law states
A 12.
AV=ir = =2V 2 12OV 500
i 3.20-107 A

(b) Since the wire is L=1000.km long and has area of A=4.50 mm’, the resistivity of it is
RA (3750 Q)(4.50-10° m”)

L
R:p—:}p:—:

=1.69-10"° Q m, therefore, the wire is most likely copper
A L (1000-10° m)

(pe=1.7210° Qm).

The current is i=600. A and the potential difference is AV =12.0 V. Therefore, Ohm’s Law states
AV =iR = R=AV/i=12.0 V/(600. A)=0.0200 Q.

THINK: The resistance of the wire of radius r=0.0250 cm and length L =3.00 m is found by using its

resistivity p=1.72-10" Q m. The potential drop is found using the current, i =0.400 A,and Ohm’s Law.

Assuming the electric field is constant, it is simply found through the potential drop over the length.
SKETCH:
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RESEARCH: The resistance is R=pL/A. The area of the wire is A=zr’. The potential difference
across the wire is AV =iR. The electric field across the wireis E=AV /L.

SIMPLIFY:
(a) The resistance is R :’D—Lz pl'; .
A 7r
(b) The potential difference across the wire is AV =iR.

(c) The electric field across the wire is E = %

CALCULATE:

(1.72-10*8 Q m)(3.00 m)

(a) R= =0.2628 Q

(0.0250 cm)’
(b) AV =(0.400 A)(0.2628 Q)=0.10512 V

0.10512 V
() E=——=0.03504 V/m =0.0350 V/m
3.00 m
ROUND: Rounding to three significant figures;
(a) R=0.263Q

(b) AV =0.105V

(c) E=0.0350 V/m

DOUBLE-CHECK: The wire loses very little potential over a long length. This means that this wire used
in a standard circuit which would only be a few centimeters in length would only lose about 1 or 2 mV,
making it a suitable material for a circuit.

25.43. THINK: The length and resistivity of the wire are L=1.0 m and p=1.72-10"° Q m. The area of the wire

is A=0.0201 mm’. Since the resistance changes linearly with the temperature, T, =20.°C and

T =-196 °C, the percentage change in resistance is proportional, by a =3.9-107 K™, to the temperature
difference. Since the current is directly related to the resistance, the percentage change in resistance is
related to the resistances themselves. Using the molar mass and density of copper, m=0.06354 kg and

Do, =8.92:10° kg/m®, the carrier density, n, can be determined, which in turn allows velocity to be
found. Use the value AV =0.1 V.
SKETCH:

I AV |

RESEARCH: The resistance of the wire is R= pL/A. From Ohm’s Law, the potential drop across the

wire is AV =1IR. The resistance changes linearly with temperature by R=R, (1 + a(T -T )) For a given

quantity, x, the percentage change in it is therefore, Ax/x =((x—x0)/ xo)(IOO%). Current density is

J=nev, =i/ A.

SIMPLIFY:

(a) The original resistance is R, = pL/ A. The cooled resistanceis R=R, (1 + a(T -T, )), therefore,

%gz R-R, _ RO(1+0((T—T0))—R0
R R R

(b) The percentage change in current is found using the following equations.

=—a(T-T,)(100%).

0 0
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25.44.

25.45.

Chapter 25: Current and Resistance

Ai _i—i, AV/R-AV/R, 1/R-1/R, R

_RR RO—RZRO_R0(1+“(T_T0))

— 0

i AV /R, 1/R, RR, ° R R,(1+a(T-T,))

~a(r-1,)
(1+a(T—TO))(

(c) Assume each copper atom contributes just 1e . The molar volume of copper is V. =p., /m;

100%)

therefore, n=N, p. / m. The drift velocity is then, in general,

i
J=—=nev

A d

i AV AV
- Vd == =
neA neAR neAR0(1+a(T—TO))
AV AV

=V

" neA(pL/A)(l-i—a(T—TO)) B nepL(l-i—a(T—TO))'
At T=T, and V, =AV /nepL.

CALCULATE:

() %AR/R=—(3.9-10" K™ )(~196 °C~20. °C)(100%) = ~84.24%

~(3.9:107 K™*)(-196 °C-20. °C)
1+(3.9:10° K™')(-196 °C—20. °C)

(b) %Ai/i= (100%) =534.5%

(6.022:10 ¢7)(8.92:10° kg/m’)

(c) n= =8.4539-10" ¢ /m’
0.06354 kg

0.10 V

At room temperature, V, = - =0.4293 mm/s.
(8.4535:10” ¢ /m’)(1.602-10™ C)(1.72-10™ Qm (1.0 m)
0.4293
At temperature, T =-196 °C, V, = 93 mm/s =2.724 mm/s.
1+(3.9:107 K™)(~196 °C-20. °C)

ROUND:

(@) %AR/R=-84% (decrease in resistance)

(b) %AI/I=530% (increase in current)

(c) Atroom temperature, V, =0.43 mm/s. At77 K the speed is V, =2.7 mm/s.

DOUBLE-CHECK: Supercooling a resistor should greatly reduce the resistance and increase the current
and drift velocity, which it does, so it makes sense.

If the current, i=11 A, went entirely through the known resistor, R, =35 Q, the potential drop across it
would be AV =iR = (11 A)(35 Q) =385V, which is too large, so the other resistor must be parallel to R,.

O -1 -1
1 1 j 1 11A 1

Therefore, by Ohm’s Law, AV =il —+—| = R= Lo Ao 2] =15849Q
R R, AV R, 120V 35Q

Hence, AV =15.8 Q.

When the external resistor, R=17.91 Q is connected, the potential drop across it is AV =12.68 V, so the
current through the circuit is, by Ohm’s Law, i = AV /R =12.68 V/17.91 Q=0.70798 A =0.7080 A. This is
the same current running through the internal resistor, R,, which is in series with R, so since the battery

has a total emf of AV

emf

=14.50V, the internal resistance is found using the following
AV, 14.
g 1450V

emf

= -17.910Q=2.5702 Q=2.570 Q
i 0.7080 A

calculation. AV,

emf

=i(R+R) = R =
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The two resistors, R, =100. Q and R, =400. Q, cause currents, i, =4.00 A and i, =1.01 A, respectively.
The currents they cause are the same through the internal resistor, R, and in both cases the emf of the

battery, AV, is the same. Since R, is in series with each of the other resistors, Ohm’s Laws says:

AV=i(R +R)=i,(R,+R) = i,R,—iR =R (i,—i,)= R =M
1

17 h

R = o A)(?Zoéfl_(f:lo;&))(mo' ) _ssasisn

THINK: The resistance in each bulb is directly calculated by Ohm’s Law. Consider temperature effects
on resistance to explain discrepancy with parts (a) and (b). Use the values: AV, =620V, i =4.1 A,
i,=29A and AV, =629 V.

SKETCH:

(a) (b)

AV—=— R

RESEARCH: By Ohm’s Law, AV, =i R for one light bulb and AV, =i, (R + R) for both light bulbs.
SIMPLIFY:

AV
(@) AV,=iR = R=—2L
ll
AV.
(b) AV,=i,(R+R) = R=—2
212
CALCULATE:
6.20V
(a) R= L=15122Q
41A
(b) R:ﬂzl.omg
2(2.9 A)
ROUND:
(a) R=1.51Q
(b) R=1.08 Q.

(c) When two bulbs are put in series, it is expected that they glow dimmer than only one bulb. This would
mean the one bulb would be hotter and thus have a larger resistance.
DOUBLE-CHECK: Answer to part (c) helps to verify that the answers to parts (a) and (b) are reasonable.

Simplifying the circuit gives
10.0 Q
A

Yy

a
0o0V—=— 2
&

= 6001V = R

Aas

Vv

o]
o<
<
&~

R, =10.0 Q+[1/(20.0 Q) +1/(20.0 Q)]il =20.0Q. By Ohm’s Law, the current through R is

i,, =60.0 V/(20.0 Q):3.00 A. From the circuit setup, the current through R, is the same as that
through the 10.0 Q resistor, which is 3.00 A.

1056



25.49.

25.50.

Chapter 25: Current and Resistance

THINK: The circuit can be redrawn to have the 10.0 Q and 20.0 Q resistors in series, both of which are
parallel to the 30.0 Q resistor, and then parallel again with the 40.0 Q resistor. These resistors are then
put in series with the 50.0 Q resistor and the 60.0 V battery.

SKETCH:
R R,
R, —W\?W— R, R, R,
R =10.0Q 3 —W———
R,=20.0Q 2
R;=300Q 600V L w—1| = 600V = 600V =
R,=40.0 Q
R,=50.0Q
RESEARCH: Resistors in series combine as R, = ZRi. Resistors in parallel combine as L ZRL
i=1 eq =l 1Y

SIMPLIFY: The combined resistors in parallel become R, where

-1
_ 1 11

R'=(R+R,) +R'+R]' = R, = bt .
R+R, R, R,

The equivalent resistance is R, =R, +R,.

1 1 1
+ +
10.0 Q+20.0Q 30.0Q 40.0Q
R, =50.0 €24+10.909091 Q2 =60.909091 Q2
ROUND: The result should be rounded to three significant figures: R, =60.9 Q.

DOUBLE-CHECK: If you add N equal resistors, R, in parallel, the equivalent resistance is R/N. Since the
resistors in parallel are all about 30 Q in each branch, the equivalent resistance should be about 10 Q,

-1
CALCULATE: R, z[ j =10.909091 Q

which is close to the calculated answer of 11 Q.. Therefore, the values of R, and R, . are reasonable.

THINK: When the switch is open, the current clearly breaks up into paths and the two left resistors,
R =R, =3.00 Q, are in parallel with the two resistors, R, =5.00 Q and R, =1.00 Q. When the switch is
closed, it is not as obvious. Consider the potential drop from before the current splits to the switch arm. It
should be the same regardless of which path is taken, likewise with the potential drop from the switch arm
to after the current recombines. This means that the pairs of resistors R, and R,, and R, and R,, are

connected in parallel. The pairs are subsequently connected in series with each other.
SKETCH:

(a) (b)

AV — AV —

= 1 =1
RESEARCH: Resistors in series combine as R, = ZRi. Resistors in parallel combine as —= Z—

i=1 eq i=1 &Y
The current is given by Ohm’s Law i =AV' /R .
SIMPLIFY:

(a) Equivalent resistance is R, = (1/(R1 + R3)+1/(R2 +R, ))_1 = i=AV/R,.

(b) Equivalent resistance is R, =(1/(R1 +R2))71 +(1/(R3 +R4))71 = i=AV/R,.
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CALCULATE:
-1
1 1 .

() R, = + =3.00 Q; therefore, i= 240V =8.00 A.

K 3.00Q2+3.00Q 5.00Q2+1.00 Q2 3.00 Q

-1 -1
1 1 1 1 24

(b) R, = + + + =2.625 Q; therefore, i = v =9.1429 A.

d 3.00Q 5.00Q 3.00Q 1.00Q 2.625 Q)
ROUND:
(a) i=8.00 A
(b) i=9.14 A

DOUBLE-CHECK: Typically, when resistors are in parallel, they have a lower equivalent resistance than
when in series and thus would yield a larger current, so it makes sense.

25.51. THINK: The circuit can be redrawn to have R, =2.00 Qand R, =4.00 Qin series, which are then
parallel to R, =6.00 Q. These are then in series with R =6.00Q, R, =3.00Q, and the battery
V' =12.0 V. Since R, is in series with the equivalent resistance, the current through it is the same as the
current through the whole circuit. Since R, =R, +R,, the current through each branch is equal, and half

of the total current.
SKETCH:

1]
b

RESEARCH: Resistors in series R, =R, +R,. Resistors in parallel R, = ( 1/R +1/R, )_1. The current is
given by Ohm’s Law i =AV /R, .
SIMPLIFY:

R, R, +R

2 3 4

-1
1 1
(a) The resistors in parallel combine as R,, where R, = (—+ J .

The total equivalent resistance is R, =R, + R, +R;.

(b) The current through R, is i=V /R, .

1
(c) The current through each branch is i/2, so potential across R, is AV, = EiR3.

CALCULATE:
-1
1 1
(a) R = + =3.00 Q. R_=6.00 Q+3.00 Q+3.00 Q=12.00 Q
6.00Q  (2.00+4.00) Q e

(b) i=(12.0 V)/(12.0Q)=1.00 A

.00 A)(2.00 Q
(©) AV3:AV=(100)2w=1.00V

ROUND:

(2) R, =12.00Q

(b) i=1.00 A

() AV,=1.00V

DOUBLE-CHECK: By considering the potential drop across R,R,, andR,, the values are:
AV, =6V, AV,=3V,and AV,=3V. Hence, AV, +AV,+AV,=12V. This value matches the total
voltage provided by the battery. Using AV, + AV, instead of AV, also gives 12 V, as expected.
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THINK: The circuit can be redrawn to have R and R in series, which are then parallel to R . These are

then in series with R, .
SKETCH:

A

]

L}

A
Al

- 1
RESEARCH: Resistors in series combine as R, = ZR,.. Resistors in parallel combine as 7 ZE

i=1 eq i=1 &

1
SIMPLIFY: Resistance R,is R, =R, +R,. Resistance R,is R, =| —+
R, R +R,

-1
J . Equivalent resistance

-1 -1
1 1 1 1 R +R,+R

Ryis Ry=R +R, =R +| —+ .Thus, R,—R, =—+ =41 .
R +R, R R +R (R(R+R))

1 1

R’ +RR
RO—R1:21R—+1R° = (R,—R)(2R +R,)=R’+RR, = R} +RR —2R; =R’ +RR,
1 0

2 2 RO
R; =3R/ = R "5
CALCULATE: Not applicable.
ROUND: Not applicable.
DOUBLE-CHECK: If R =R, the total equivalent résistance would be 5R /3. If R =R, /2,the total
equivalent resistance would be 7R, /8. Therefore, for R, =R, R, /2<R, <R,. The answer satisfies this

condition.

THINK: From the circuit, it is clear that resistors R =5.00 Q and R, =10.00 Q are in series. Resistors
R,=R,=5.00Q are in parallel, with equivalent resistance R,,. This is also true of resistors
R, =R, =2.00 ©, whose equivalent resistance is R,,. This second pair of resistors are in turn connected in
series with resistors R and R,. Ohm’s Law can be used to determine the current through the whole

circuit which is the same as each resistor in series.
SKETCH:

/\IlV AV
RESEARCH: Equivalent resistances if resistors are in parallel are R,, =(1/ R, -1/R, )_1. Total current
through 4 resistors in series is i=AV/(R1 +R,+R,, +R55)- The potential drop across a resistor is
AV =iR..
SIMPLIFY:
(a) The total current is i:AV/(R1 +R, +R,, +R56), AV, =iR, AV,=iR,, AV,=AV,=iR, and
AV, =AV, =iR.
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(b) Current through R, and R, is i. Since R, =R, and R, =R, the current splits evenly among them so
i'=1i/2 through each of them.

CALCULATE:

(@) Ry, =(1/(5.00 2)~1/(5.00 Q) =250 @ R, =(1/(2.00 Q)~1/(2.00Q)) =100,

i=20.0 V/(5.00 Q+10.00 Q+2.50 Q+1.00 Q) =1.08108 A, AV, =(1.08108 A)(5.00 Q)=5.405V,

AV, =(1.08108 A)(10.0 Q)=10.81V, AV, =AV, =(1.08108 A)(2.50 Q) =2.702 V and

AV, = AV, =(1.08108 A)(1.00 Q)=1.081V

(b) i, =i, =1.08108 A, i, =i, =i, =i, =1.08108 /2 =0.5405 A

ROUND:

(a) AV. =541V, AV, =108V, AV, =AV,=2.70 Vand AV, =AV, =1.08 V.

(b)i, =i, =1.08 A and i, =i, =i, =i, =0.541 A.

DOUBLE-CHECK: The sum of the four potential drops equals 20 V, so energy is conserved, so the
answers make sense.

THINK: Ohm’s law can be used to relate the potential drop, AV =40.0 V, to current i, =10.0 A when
resistors R and R, are in series and to current i, =50.0 A when the resistors are in parallel. This means
there are two equations (the series and parallel configurations) and two unknowns (the resistors). Let R

be the one that is larger, since the choice is arbitrary, and solve for it.
SKETCH:

RESEARCH: For the series setup, AV =i, (R1 +R, ) For the parallel setup, AV =i, (1 /R +1/R, )71 .
SIMPLIFY: The second resistor is, from series setup, AV =i (R1 +R2) = R, = (AV / il)—R1 and

RR A A
ﬂ =R, +R,. From the parallel setup, AV =i,| ——— |= _—V(R1 +R, ) =R, .—V—R1 . Therefore,
i R +R, i i,
2
A,Y =A,—VR1 —-R} = P=SR —-R/.
1112 ll
AV? AV +4/8° —4P
With P=——, and S=—, R'-SR +P=0 = R :%‘ R, must be positive to get the
ii, i
. S++/8* —4P
largest possible value, so R =f.
2
400V
CALCULATE: P= (—) =32 07, and S= 400V =4 Q. Therefore,
(10.0 A)(50.0 A) 10.0 A
(4 Q)+\/(4 Q) -4(320’)
R = : =2.8944 Q.

ROUND: R =2.89 Q
DOUBLE-CHECK: The other value for R, the negative in the quadratic, gives R =1.11Q, so R in

series and parallel is 4 QO and 0.8 Q, respectively. (4 Q)(I0.0 A) =40V and (0.8 Q)(S0.0 A) =40V,

which is consistent with emf voltage.
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The voltage changes, from AV, =110.V to AV, =150.V, and the initial power is P, =100. W. Since the
resistance does not change, the power is, generally, P=AV’/R, so the fractional change in power is

2
P—-P  AV*/R-AV}/R AV’ 150 V
IP 0 -1 0 =L _1= ( )2 —1=0.8595. Therefore, %P =86.0% (brighter).

%P = 2 2
0 AVy /R AV; (110 V)

(a) The average current, i, is simply the change in charge, AQ=5.00C, over change in time,
A 5.00 C

At=0100ms, =22 _B0C) o 00a
At (0.100-107 s)

(b) If over the lightning bolt there is a V =70.0 MV potential, the power is P=iV

=(50.0 kA )(70.0 MV )=3.50-10" W

(c) The energy is the power times the change in time, E=PAt=(3.50-10"> W )(0.100 ms)=3.50-10° J.
gy p g

.0M
(d) Assuming the lightning obeys Ohm’s Law, the resistance is R=AV /i :% =1.40-10° Q.

(a) If the hair dryer has power P =1600. W and requires a potential of V =110. V, the current supplied is
then i=P/V =1600. W/110. V =14.545 A=14.5 A. i does not exceed 15.0 A, so it will not trip the
circuit.

(b) Assuming the hair dryer obeys Ohm’s Law, its effective resistance is given by

R=AV/i=(110.V)/(14.545 A)=7.56 Q.

For a year of use, the time it is active is Atz(l year)(365 days/year)(24 hours/day)=8760 h. The

power of a regular light bulb is P =100.00 W =0.10000 kW. The power of the fluorescent bulb is
P, =26.000 W =0.026000 kW. Since it costs $0.12/kWh to have each on, the cost of running each is:

C=($0.12/kWh)(0.10000 kW)(8760 h) =$105.12, C, =($0.12/kWh)(0.026 kW )(8760 h) = $27.33.

To find the current through each, reduce circuit to

192Q 192Q

AV = 192Q 19220 =

(a) The two 192 Q resistors in parallel have an equivalent resistance given by
L _ 1 N 1 _ 2
R, 192Q 1920 192Q
The resistance R, is is series with another 192 Q resistor. This system has the equivalent resistance given
by

R =R, +192Q=96.0 Q+192 Q=288 Q.

The total power in the circuit is given by

(av)*  (120. VY’

= R,=96.0 Q.

P= = =50.0W.
R 288 Q
(b) The current supplied by the emf source is given by
AV=iR, = =2V 120V 4167,
R, 2838Q

This current flows through the first resistor. So the potential drop across the first resistor is
AV, =(0.4167A)(192 Q) =80.0 V.
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The remaining two resistors are in parallel, so the potential drop across each of these two resistors must
sum to the potential difference of the source of emf
AV, = AV, =120. V—-80.0 V=40.0 V.

The current through the light bulb is i = P/ V. The charge through the bulb is g =iAt, so

(625 mAh) LA (60 minj(l.s V)
PAt gAV 1000mA || h

=iAt=—— = At=
AV 50 W

=11 min.

THINK: The overall current through the resistor, R (which takes the values 1.00 2, 2.00 Q and 3.00 Q),
is found using Ohm’s Law for when the load resistance is in series with the internal resistance,
R =2.00 Q, and the external emf, V. =12.0 V. I will determine an expression for the power across the
load resistor and differentiate with respect to R, and solve this derivative equal to zero, in order to find a

maximum in power.
SKETCH:

V

emf

RESEARCH: With Rand R in series, current through circuitis i=V_ ./ (Ri +R). Power through load
resistor is P =i’R. The power is maximized when dP/dR=0and d’P/dR* <0.

2
V \%
SIMPLIFY: Poweris P=| —2 | R=——=<="C_R Therefore,
R +R (R +R)

dp d § ; i}
E:anf%[zz(zei +R) ZJ:anf((Ri +R) 2 -2(R)(R +R) s)

, | R+R 2R ,| R-R

M (R+RY (R+R) ) (R +R)

and hence R =R is a critical point of P. The double-check step will verify that R = R leads to a maximum.

N 2
(12.0 V) (1.00 Q) 160w, b (120 V) (2009) —180 W and

(1.00 2+2.00 Q) " (2.00Q+2.00 Q)

CALCULATE: P =

2
b (120 V) (3.00 Q) s W,

(3.00 @ +2.00 Q)
ROUND: The values should be rounded to three significant figures each: P, =16.0 W, P, =18.0 W and
P,=173 W.

’ V. (R—2R
DOUBLE-CHECK: The second derivative of P, ZR}: :2%, is clearly negative when
+

R =R, which verifies that R =R yields a maximum for P.

THINK: Using the density and volume of water, p=1000 kg/m* and V =250 mL, the mass of the water
can be determined. Along with the specific heat of water, ¢=4.186 k]/(kg K), and the fact that the water
goes from T, =20 °C =293 K to T, =100 °C =373 K the energy gained by the water can be determined.
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The change in energy over the time At=45s is equal to the power that the coil, AV =15V, dissipates.
SKETCH:

|
it
RESEARCH: Power dissipated by coil is P=AV?/R. The energy gained by heating water, AQ = mcAT.
The rate of energy gained by water is P = AQ/ At, mass of water is m = pV.
SIMPLIFY: Equating power dissipated by coil to energy rate gained by water gives the equation:
AV AQ mcAT _pVe(T,-T))
R A A A

Therefore, R :AV—ZN.
pVe(T; - T,)

(15 V) (455)
(1000 kg/m*)(0.25 1)(4186 J/kg K)(373 K 293 K)(1 m*/1000 L)

ROUND: The values in the question have two significant figures, so round the answer to R=1.2 m Q.
DOUBLE-CHECK: Since power is inversely proportional to resistance, the optimal way to heat using it
would be to make the resistance as small as possible, so it makes sense.

CALCULATE: R= =0.1209 Q

THINK: Both the copper wire length (/=75.0cm, diameter d=0.500 mm and resistivity
P =1.69-10"° Q m ) and silicon block (length L =15.0 cm, width a=2.00 mm, thickness b, resistivity
ps=870-10" QO m and resistance R, =50.0 Q) can be thought of as resistors in series with a total

potential drop of AV =0.500 V and a density of charge carriers of 1.23:10” m™. The current density, J,
can be used to determine the velocity of the carriers through the silicon.

SKETCH:
AV — iﬁ

RESEARCH: The resistance of the material is in general R= pL/ A. The current through circuit is found

| = =]

by Ohm’s Law with copper wire and silicon block in series, AV =i (RC —R ) Area of the silicon block is
A=ab. The current density is J=i/A=nev,. The time it takes to pass through silicon block is
At=L/v,. Power dissipated by silicon block is P, =i’R;.

SIMPLIFY:
. .. ol
(a) Resistance of wireis R = —
(1/ 4)7zd
(b) Current through circuit is i = R.
+

C S

L L
(c) Thickness of silicon block R = % = p=P"

a aR
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. So the time to cross the block is

(d) Drift velocity of electrons J = i =nev, = v, =

abne
Af = L _ Lal‘me'
v, i
(e) P, =i’R,
(f) Electric power is lost via heat.
CALCULATE:

(1.69-10™ @ m)(75.0 cm)

(@) R.= —=0.064553 Q =64.553 m Q
(1/4)7(0.500 mm )
(b) i= 0500 ¥ =0.009987 A =9.987 mA
50.0 Q+0.064533 Q
(8.70:10™ Qm)(15.0 cm)
(c) b= =0.001305 m =1.305 mm
(2.00 mm)(50.0 Q)
15.0 2.00 1.305 1.23-10” m™)(1.602-10™" C
o o Loamml st 0”07 )
. m
(e) P, =(9.987 mA)’(50.0 Q) =0.004987 W =4.987 mW
ROUND:
(@) R, =64.6mQ
(b) i=9.99 mA

(¢) b=131mm

(d) At=0.772s

(e) P,=4.99 mW

DOUBLE-CHECK: Drift velocity is L/At~20 cm/s which is reasonable for such a small resistance.
Also, the power lost is small, which is desirable in silicon, which is used in many electronic devices, so it
makes sense.

Electrical power is defined as P=i’R or P=AV’/R or P=iAV. In the normal operation, the radio has

a resistance of r=AV*/P =(10.0 V)2 /(30.0 W)=3.33Q and the current flowing through the radio is

P _300W
AV 100V

=3.00 A. Now, if a 25.0 kV power supply is used, the required total resistance, such

AV 25.0kV
that the current flowing through the radio is the same, is R, =—=

i
external resistance required is R =R, —r. The closest number of resistors is
N :£: R, —r _ 8333.33(2-3.33 Q

R R 250
All resistors are connected in series, since the potential drop across the resistors makes up for the rest of

the enormous potential drop provided by the power supply.

=8333.33 Q. Thus, the

=333.2 = 333 resistors.

1 1

It is given AV =120V, At=2.0 min=120s and U, =48 kJ. The power needed to cook one hot dog is
P =U,/At=48-10"]/120s=4.0-10 W.  The current to produces this power is
i, =P, /AV =4.0-10° W/120 V =3.3 A. The current to cook three hot dogs is i =3i = 3(3.3 A) =10. A.
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The aluminum wire and the copper wire dissipate the same power. Since the voltages across the wires are

pAlLAl — pCuLCu .

the same, this means that the resistances of the wires are the same. Thatis R,,=R_,, n

Al Cu

2
. . - t, L L N
Using the area of a circle A =7r?, it is found that - = Pasa hyg, T =Teu /M Substituting the
rCu P Cu™Cu Cu™~Cu
numerical values:

(2:82:10" @ m}(5.00 m)
=0.905 mm.

ry =(1.00 mm
u = ) (1.72:10® @ m)(10.0 m)

The resistance of a cylindrical wire is R= pL/ A. The length of the resistor is L = RA/ p. Substituting the
numerical values yields L =(10.0 2)(1.00-10° m’)/(1.00-10° Q m)=1.00 m.

Two resistive cylindrical wires of identical length are made of copper and aluminum. They carry the same
current and have the same potential difference across their length. This means that they have the same

L L
resistance, thatis, R., =R,,, Pata _ Peatea

Al v

. _ _ 2 _ 2 .
- . Since L, =L, and A, =7zr, and A., =71, it becomes

2
. T, . ) ...
T _Pou o Teu - |Peu Therefore, the ratio of their radii is

v Pa Tal Pa
Tew /1.72-10*8 Qm
=75 -—=0.78L
Ty 2.82:10° Qm

Consider a circuit with R; =200. Q and R, =400. Q.

(a) What is the power dissipated in R, when the two resistors are connected in series?

A AN A AN
YVY YVYY

Ry Ry

The current in the circuit is given by
A A
AV=iR, = i=oL AV
R, R +R,

The power dissipated in R, is then

2 2 2

AV R, (AV 200. ©2)(9.00 V
P:ile_[ J R = 1 )2=( i )2:0.0450W.
R +R (R +R,)"  (200. Q+400. Q)

(b) What is the power dissipated in R, when the two resistors are connected in parallel?
Rl

R,

The potential difference across R, is 9.00 V so the power dissipated in this case is

(AVY?  (9.00 V)’
R, 200.Q

1065



Bauer/Westfall: University Physics, 2E

25.70.

25.71.

25.72.

25.73.

The ratio of the power delivered to the 200. Q resistor by the 9.00 V battery when the resistors are
connected in parallel to the power delivered when connected in series is

(avy
S 2
Pt R _(R+R) (R+R ) _ (200. Q+400. QJZ o0,
Pseries Rl (AV')2 R12 R1 200. Q
(R, +R,)
L 1 A
The conductance of a wire is given by G=—=—.
R pL

2

(a) From the electrical power P = , the conductance of the element is

P 1500.
G= _ 1500. W =0.124 Q.

AV® (110.V)

L LG
(b) Using A=7r?, the radius of the wire is r’ _PLG [P~ Substituting p=9.7-10" Q m,
r r

L=35m and G=0.124 Q™' gives
\/(9.7-108 Qm)(3.50 m)(0.124 Q)
r=

T

=0.116 mm.

The resistance of the light bulb is R=AV/P. Consider each value in the problem to have three
significant figures. The power consumed by the bulb in a US household is

2 2

AV} [ AV, 120.

p =20 _[8% ) p 120V (100. W) =25.0 W.
R AV, 240.V

(a) The minimum overall resistanceis R=AV /i=115V /200. A=0.575 Q.
(b) The maximum electrical power is P =iAV = (200. A)(l 15 V) =23.0 kW.

THINK: A battery with emf 12.0 V and internal resistance R =4.00 Q is attached across an external

resistor of resistance R. The maximum power that can be delivered to the resistor R is required.
SKETCH:

int

V—=

RESEARCH: The power delivered to the resistor R is given by P =i’R. The current flowing through the
circuit is i=AV'/ (R+Ri). Therefore, the power is P=AV’R/ (R +R )z. The maximum power delivered
to the resistor R is given when R satisfies dP/dR =0. That is

dP AV®  AV'R(-2)

dR(R+R) ' (R+R)
SIMPLIFY: Solving the above equation for R yields R+R —2R=0 or R=R. Thus, the maximum

AV’R  AV?
power deliveredto R is P = = .
(2 R ) 4R,
2
L ‘ . (120 V)
CALCULATE: Substituting the numerical values gives P =—————=9.00 W.
4(4.00 Q)
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ROUND: P=9.00 W
DOUBLE-CHECK: This is a reasonable amount of power for a 12 V battery to supply.

THINK: Calculate the resistance of a 10.0 m length of multiclad wire consisting of a zinc core of radius
1.00 mm surrounded by a copper sheath of thickness 1.00 mm. The wire can be treated as two resistors in
parallel.

SKETCH:

RESEARCH: The resistivity of zinc is p, =5.964-10" Qm, and the resistivity of copper is

L
Pe, =1.72-10° Q m. Resistance is given by R= pX. The resistance of the zinc wire is therefore

L L
R, = P “—, and the resistance of the hollow copper wire is R, :%. The net resistance is
TR, 7R, — 7R,
1/R=1/R,, +1/R,.
B , Pel Pl
1 1 R, +R R R A A
SIMPLIFY: Req — [_J’_—J :[ Cu Zn J — Cu”"7n _ Cu Zn
Zn RCu RZnRCu RCu +RZn pCllL + pZﬂL
ACu AZn
pZnL . pCuL
2
s H(Rzz _Rlz) L(panCu)

i )
CALCULATE:

10.0 m(1.72-1o*8 Qm)(5.964~10’8 Q m)

eq

7{(1.72-108 m)(1.00-10° m)2 +(5.964-10° Qm)((z.oo-l(ﬁ m)2 ~(1.00-10° m)2 ))
—0.01664925 O
ROUND: Keeping only three significant digits gives R =0.0166 Q.

DOUBLE-CHECK: The combined resistance of the components of the wire is less than the resistance of
either material alone, as expected for resistances in parallel.

THINK: The Stanford Linear Accelerator accelerated a beam of 2.0-10'* electrons per second through a
potential difference of 2.0-10'° V.

SKETCH: Not required.

RESEARCH: Electrical current is defined by i =q/t,i.e. the amount of charging passing per unit of time.

The power in the beam is calculated by P =iAV and the effective ohmic resistance is R=AV /1.
SIMPLIFY:

(a) The electrical current in the beam is i =g/t =|e|(n/t).

(b) The power in the beam is P =iAV.
(c) The effective resistance is R=AV /i.
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CALCULATE:
(a) i=(1.602-10‘19 C)(z.o-lo14 electrons/second)=3.2o4-10‘5 A

(b) P:(3.204~10’5 A)(z.o-lo10 v)=640.8 KW.

10
(c) R=M=6.2422-1014 Q.
3.204-10 7 A
ROUND: Keeping only two significant digits, the results become,
(@) i=3.2-10" A
(b) P=640 kW
(c) R=62-10" Q
DOUBLE-CHECK: Such large values are reasonable for a device meant to accelerate particles to
relativistic speeds.

THINK: To solve this problem, the circuit needs to be simplified by finding equivalent resistances. Use
the relationships of parallel and series resistors.
SKETCH:

Vt'ml' T %Rs ‘,: R = Vuml‘ T

¢/

RESEARCH: If two resistors in series, the equivalent resistance is R, =R, +R;, and if two resistors in

parallel, the equivalent resistancesis 1/ R, =1/R, +1/Ryor R, =R,R, /(RA +R, )
SIMPLIFY: The equivalent resistance of two resistors in the circuit C, is R, =RR,/ (R1 +R2). The
equivalent resistance of three resistors in the circuit C, is R=R, +R,+R, =2R +R,

=2RR, /(R +R, ) +R,. Thus, the effective resistance is given by

RR
L:l.’_l = Reff :lR :#.’_lRy
R, R R 2 R+R, 2
. . . ‘/emf ‘/emf
The current flowing through R, is the same as current through R. Therefore, i= R R
eff
CALCULATE:
3.00 ©2)(6.00Q2) 20.0Q
(@) Reff:( J6009) 2000 00
3.00 Q+6.00 Q 2
12.
) i=—20V__ 0500 A
2(120 Q)

ROUND: Not required.
DOUBLE-CHECK: Both of the calculated values have appropriate units for what the values represent.
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THINK: For resistors connected in parallel, the potential differences across the resistors are the same.
SKETCH:

V=5

RESEARCH: The equivalent resistance of two resistors in parallel (R2 and R3) is
R, =(R,)(R,)/(R,+R,).
SIMPLIFY:

R
(a) The potential difference across R, is V, =V, -V, =V —iR = V[R IR J
+
1 eq

|4
(b) Since R and R_ are in series, the current flowing through R and R is i=—= .
4 a R R +R,
VZ
(c) The rate thermal energy dissipated from R,is P = Rbc .

2

(3.00 Q)(6.00 Q)
CALCULATE: R = =2.00Q
1 3.00 Q+6.00 Q
L1 . 2.00Q
(a) The potential difference across R, is V, =110. V| ————— [=55.0 V.
2.00 Q2+2.00 Q
110.

(b) The current through R is i= _uev =27.5A.

2.00 Q+2.00

2
550V
(c) The thermal energy dissipated from R, is P = % =1.008 kW.

ROUND: Keeping three significant digits gives:

(@) V,. =550V

(b) i=275A

(¢) P=1.01kW

DOUBLE-CHECK: Each value has appropriate units for what is being measured.

THINK: When a potential difference V is applied across resistors connected in series, the resistors have
identical currents. The potential difference across R, is V,_=V.
SKETCH:

a i
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RESEARCH:
V.. =V, +V,.; The potential differences across R, R, and R, are V,, =i,R, "R R and
2 + 3
: 5 . .V . Vv
V.. =L,R, = , respectively. The currents are: i =—and i, =i, = .
R, +R, . R, +R,

SIMPLIFY: Not required.
CALCULATE: Substituting the values of the resistors and the potential difference across the battery yields

(1.500 V)(4.00 Q)

() V,_=1500V, V, = =0.600 V, and
4.00 Q+6.00 Q
V, =V, -V, =1.500 V-0.600 V =0.900 V.
1.500 V 1.500 V
(b) i = =0.750 A and i, =i, =————————=0.150 A.
00 Q 4.00 Q+6.00 Q

ROUND: Keeping three significant figures gives:

(a) V,=1.500V, V, =0.600 Vand V, =0.900 V.

(b) i, =0.750 Aand i, =i, =0.150 A.

DOUBLE-CHECK: The resistance through the right path is five times larger than the resistance through
the center path. Therefore the current should be five times smaller in the right path, which the calculation
shows before rounding for significant figures.

THINK: In order for a copper cable to start melting, its temperature must be increased to a melting point
temperature, which for copper is 1359 K (Table 18.2). Copper has a specific heat of 386 J/kg K (Table 18.1)
and a mass density of 8960 kg/m’. The cable is insulated. This means the energy dissipated by the cable is
used to increase its temperature. Use L=2.5m,and V=12 V.

SKETCH:

RESEARCH: The resistance of the copper cable is R= p%. The energy dissipated by the cable is

2 ZA
E=P-At= [%JAt :[V 7 jAt. This energy must be equal to the amount of heat required to increase
P

the temperature of the cable from the room temperature to the melting point temperature, which is
Q= cm(TM -T, ) =cmAT, where c is the specific heat of copper.

SIMPLIFY: Using the mass of the copper cable given by m = p AL, the time required to start melting the
cp, PL'AT

2

2

cable is VA
pL

jAtchDALAT = At=

(386 J/kg K)(8960 kg/m® )(1.72-10™* @ m (2.5 m)’ (1359 K ~ 300 K)

(120 VY’

ROUND: Rounding At to three significant digits produces At =2.73 s.
DOUBLE-CHECK: This is a short time interval, but the 12 V battery supplies a large voltage, and the
insulation does not allow the heat of the wire to dissipate.

CALCULATE: At = =2.734s
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THINK: A piece of copper wire is used to form a circular loop of radius 10 cm. The cross-sectional area

of the wire is 10 mm”. The resistance between two points on the wire is needed.
SKETCH:

R 2B A

R, B

RESEARCH: The resistance of a wire is given by R = pL/ A. Thus, the resistances of each segment of the
wireare R =pL /Aand R, = pL, | A.
SIMPLIFY: Since L, =3L,, the resistance R,is R, = p3L / A=3R,. Because R and R, are in parallel, the

RR 3" 3. 3pL 1
effective resistance is R=——>—= L =R =24 Putting in L, =—-27r gives R=§~ﬂ.
R+R, R+3R 4 ' 4 A 4 8 A
3 B 7(0.100 m) .
CALCULATE: R=>(172:10" Qm)-—————"=203-10" Q
8 1.00-10” m

ROUND: R=2.03-10" Q
DOUBLE-CHECK: The resistance of L, is
27(10-107 m)

— 1-2702-10"* Q.
4(10.10‘6 mz)

R =pL /A=(1.72:10" Q m)
The resistance of L, is R,=3R =8.105-10" Q. Our result is less than R, and R,, because the two
resistances are in parallel. So our answer seems reasonable.

THINK: Two conducting wires have identical length and identical radii of circular cross-sections. I want
to calculate the ratio of the power dissipated by the two resistors (copper and steel).
SKETCH: Not required.

RESEARCH: The resistance of a wire is given by R=pL/A. The power dissipated by the wire is
v _via
R pL’

SIMPLIFY: Therefore, the ratio of powers of two wires is

2 2
Pcopper — V A/ACUPPer . [ V Asteel ]
I’steel pcopper Lcopper psteel Lsteel

Pcopper — psteel

Since L., =L, and A=A, theratiobecomes
steel pcopper
P .10°°
CALCULATE; e 20010 Qm _ 5 45
1.68-10° Qm

steel
ROUND: Rounding the result to three significant digits yields a ratio of 23.8:1. This is because copper is a
better conducting material than steel. Moreover, the specific heat of copper is less than steel. This means
that copper is less susceptible to heat than steel.
DOUBLE-CHECK: Since the two wires have identical dimensions, and the power dissipated is inversely
proportional to the resistivity of the wires, it is reasonable that the material with the higher resistivity
dissipates the larger amount of power.
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25.83.

THINK: The resistance of a wire increases or decreases linearly as a function of temperature.
SKETCH: Not required.

RESEARCH: The resistance of the wire at temperature T is given by R=R; (1 + a(T -T, )) The

resistance at temperature T is R=V?/P.

SIMPLIFY: The resistance at the temperature T, becomes R, = (V2 /P)[l +a(T-T, )T :

CALCULATE: Substituting T =20 °C, T, =1800 °C, o =-5-10" °C™, V=110 Vand P =40.0 W gives
(110v

2
R, =TW)(1—(5.0-104 °C™)(1800 °C—20 Oc))_1 =2750 Q.

ROUND: Rounding to two significant figures yields R, =2800 2 =2.8 kQ.
DOUBLE-CHECK: Ohms are appropriate units for resistance. The calculation can be checked by

rounding the values to the nearest power of 10. T=~0°C, T, ~1000°C, a~-10"°C",
V =100V, and P =100 W (note that P was rounded to 100 since log40 >1.5) . Then,

R, =(100 V /100 W)[l - (10’3 °C™ )(1000 °C-0 °C)] ~1000 Q. The approximated value is the same

order of magnitude as the calculated value. This lends support to the calculation.

THINK: The energy dissipated in a resistor is equal to the energy required to move electrons along the
direction of a current. The material may or may not be ohmic. The rate of energy dissipation in a resistor
is equal to the amount of power required to push electrons.

SKETCH:

-

RESEARCH: If the force on the electrons is F and the average velocity of the electrons is v, the required
power is P =Fv. Since F =qE, the power becomes P =gEv.

SIMPLIFY: Using the charge g=neV, where V is a small finite volume, the required power is
P=nevVE or P=E]V.

(a) Therefore, the power dissipated per unit volumeis P/V =E].

(b) For an ohmic material the current density J is related to E by J = oE. This equation yields the
power dissipated per unit volume of P/V =E(0E) =cgE® or P/V :(])(])/0' =(1/0')]2 =p]2.
CALCULATE: Not required.

ROUND: Not required.
DOUBLE-CHECK: Examine the two sides of the equation P/V =E]. The units of P/V are watts per

cubic meter. The units of the product E ] are (V/m)(A/mZ)zv A/m’> =W/m’. In (b), the units of

P/V are still watts per cubic meter. Since J = o, the units of o are A>/ mW . Therefore, the units of
2

(1/0')]2 = pJlare (m W/AZ)(A/mZ) = (m W/AZ)(AZ/m4) = W/m”’. Thus, by dimensional analysis, the

computed equations are sensible.
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Multi-Version Exercises

Exercises 25.84-25.86 Following Solved Problem 25.4, we find f =%.
z(AV) d&
4(7935-10° W)(1.72-10"° Qm )(643.1-10°
2584, fo—tPal _ ( I 2 m) g m) —0.1457 = 14.6%.
z(Av)d 7(1.177-10° V') (0.02353 m)
2585, f=—PPal
z(AV) d
4(5319-10° W)(1.72-10"° Qm)(411.7-10°
av= [HPal ( I m)( ' m) =1.187-10° V =1.19 MV.
7 fd 7(0.07538)(0.02125 m)
2586, f=—Pal
z(AV) d

L zf(AV)Yd  (0.1166)(1.197-10° V) (0.01895 m)

=4.804-10° m = 480. km.
4Pp., 4(5703-10° W)(1.72-10 Qm)

Exercises 25.87-25.88 The energy stored in the battery is equal to the power output of the battery
multiplied by the time the battery delivers that power. The power delivered by the battery is P =iAV. The
energy stored in the battery is then U = Pt =iAVt.

25.87.  Thetimeis t=110.0 min£.S =6600 s.
min

U =iAVt=(25.0 A)(10.5 V)(6600 s)=1732500 ] =1.73 M]J.

25.88. U=iAVt

6
t=—o o I8BI0T 50052117 min
AV (25.0A)(105 V)
RC=117

Exercises 25.89-25.91 The temperature dependence of resistance is R— R, = Ryr(T T, ). The resistance

AV
at operating temperature is given by AV =iR = R=—— Combining these equations gives us

1

AV
—-R,=Ra(T-T,)
1
ﬂ_Ro
T=T,+-
R,
3907V 470
25.89. T =20.00 °C +—0:3743 A =1520 °C

(1.347 Q)(4.5:107 °C™")
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25.90. ﬂ—RO =Ra(T-T,)
1

A—_V:RO+R0a(T—TO)
1

AV /i AV 3.949V
= =1.399 Q

T1+a(T-T,) i[1+a(T-T,)] (0.4201A)[1+(4,5-10’3 °C™)(1291 °C -20.00 OC)J

0

25.91. A—Y—& =Ra(T-T,)
1

AV
AV _R +Ra(T-T,)
1
AV 991
= 3991V =0.4658 A =465.8 mA

TR [1a(T-T)] (1451 Q)[1+(45:107 °C™)(1.110-10° °C~20.00 °C) |
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Chapter 26: Direct Current Circuits

Concept Checks

26.1.b 26.2.c 26.3.c 26.4.¢e 26.5.d 26.6.b 26.7.d

Multiple-Choice Questions

26.1.a 26.2.b 26.3.b 26.4.d 26.5.2a 26.6.d 26.7.c 26.8.b 26.9.d, e &f 26.10.c 26.11. e 26.12. e 26.13. ¢

Conceptual Questions

26.14.

26.15.

26.16.

26.17.

26.18.

26.19.

In the first diagram, the voltmeter does not measure the voltage across the load resistor R but it
+R
the effect can be neglected. Similarly, the Ammeter does not measure only the

This means that the

Load?

measures the voltage across the series R As long as the internal resistance of the Ammeter is

Load Ammeter *

much less than R,

current through the load resistor R ,, but also the current through the R

Ammeter *

current measurement is affected by the value of R . Aslong as R is much less than R, the

‘Ammeter Ammeter

effect can be neglected.

In the second diagram, the voltmeter measures the voltage across the load resistor. However, the current

flowing through R, . is affected by the internal resistance of the voltmeter. .As a result the measured

Load

voltage is altered from the original value. As long as the load resistance of the voltmeter R is much

Voltmeter

larger than the load resistance R _,, the effect can be neglected. The ammeter measures the net current
R, and R

‘Ammeter > Load Voltmeter *

and R

flowing through the resistors R The effects of the internal resistors of the

ammeter and the voltmeter are negligible if R, , <R <R

Voltmeter Ammeter Load *

The capacitive time constant is given by 7, =RC. Since the equivalent of two identical capacitors

-1
1 1 1
connected in series is Ceq:(5+5j =EC, the time constant is r:RCeqz(l/Z)RC:(l/Z)ro.

Therefore, the time constant decreases by a factor of 2.

The resistance in the two-point probe measurement is given by the resistance of the device and the wires
since they are in series. The four-point measurement is designed such that the resistance of the wires is no
longer a part of the measurement so the real potential drop measured is that of the device. The four-point
measurement, therefore, gives a better measurement of the real resistance.

For a capacitor, the rate of which it discharges is based on the current. If the resistance is high and the

current is low then the discharge rate is slower. If the capacitance is large, then for a given voltage the

amount of charge is higher, because C = %, and it will take a longer time for the capacitor to discharge.

Hence, increasing R or C can increase the time constant.

The charge builds up on the capacitor. Thus, the emf of the capacitor balances the emf of the batteries.
Summing around the circuit balances the emf, which must be zero regardless of the resistor. The current
that satisfies this condition is zero.

An appropriate resistor Rmay be connected in series with the bulb and the battery, the value of
the resistor can be solved by applying Kirchoff’s loop rule for the circuit containing & (the voltage of

the car battery), R and the bulb. £—iR—iR,, =0 = R=¢/i—R,, where i=P/V and R, =V*/P.
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26.20.

26.21.

26.22.

26.23.

26.24.

26.25.

26.26.

Therefore,

2
R =ﬂ—v—=z(g—v)=ﬂ(1z.o V-15V)=16 Q.
p P P 1.OW
If the emf’s are doubled then the currents will also double as Kirchoff’s junction rule will still be satisfied as
long as all the currents are doubled. Kirchoff's Loop rule implies that if the potential drop across all the
resistors is equal to the emf, then doubling the emf means that the currents must also double to account
for the needed increases in the potential drop.

With the capacitors uncharged at =0, the potential difference across each capacitor at that instant is
zero, just like the potential difference of a connecting wire. After a long time, the capacitors will be fully
charged, and the potential across the two points will be such that the charge cannot flow between the two
points across the capacitor. This has the same effect as open segments in the circuit.

When using a voltmeter, I want to measure the potential difference across a device. To do this, I set it up
parallel to the component, because the potential drop is the same for any two circuit elements in parallel.
Ammeters are instruments with very low resistance designed to measure the current. Think of this as a
device submerged into a running stream. In order for the instrument to measure the flow, it has to be “in
the stream”. Similarly, ammeters are in series with the components they wish to measure.

This question provides an example of meter loading. In connecting an ordinary voltmeter and ammeter
simultaneously to some component of a circuit, only two possible orientations are available: one can
connect the ammeter in series with the parallel combination of the voltmeter and the component, or one
can connect the voltmeter in parallel with the series combination of the ammeter and the component. In
the first case, the ammeter measures not the current through the component but the current through the
component and the voltmeter, which is slightly greater for any voltmeter with non-infinite resistance. In
the second case, the voltmeter measures not the potential difference across the component, but the
potential difference across the component and the ammeter, which will be slightly greater for any ammeter
with non zero resistance. Simultaneous exact measurements of the current and voltage for the
components alone are not possible with ordinary meters. The restriction “with ordinary meters” is
reiterated here because it is possible to measure the voltage across a component, for example, without
drawing current. This can be done via a “null measurement” such as is done with a potentiometer.

P=V?/R implies R=V?/P. A larger power rating implies a smaller filament resistance. Therefore, the
answer isa 100 W bulb.

Since the constant is given by RC, the ratio of the times is equal to the ratio of the capacitances. The

capacitances in each case are: series: C_ =C,C, /(C, +C,), parallel: C ., =C, +C,. The ratio is then:

series parallel

Cowis G, +C, _(c1+cz)2_cf+2clc2+c§:3 C,

= = +
Cseries Cl Cz Cl CZ CI C2 CZ Cl
C +C,

+2.

C, C
The time to charge the capacitors in parallel is larger by a factor of C—l +—2+2 (which is at least 2).
2 1

* where i,

initial

inilialeit/ =V /R and 7=RC.
(b) The power of the battery is P =Vi. Integrated over all time, the power gives us the energy

(a) The current at any time ¢ is given by: i =i

©

j:Pdt = j: Vidt = jo (V?/R) e Odt=CV?,

(c) The power dissipation from R is P =iR. IowiRdt = J‘:(VZ /R)e’z”(RC)dt = (1/2)CV2.

(d) Note that the energy provided by the battery less the energy dissipated by the resistor is the energy
stored in the capacitor satisfying the law of conservation of energy.
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Exercises

26.27.  The total resistance of the circuit is given by: R, =R +R,. The current is then I=AV/R The

total *

potential drop across each resistor is then:

R R
V,=| ——|AV, V,=| —2—|AV
R +R, R +R,

The resistors in series construct a voltage divider. The voltage AV is divided between the two resistors
with potential drop proportional to their respective resistances.

26.28. The current must be such that P =I’R =10.0 W.

2
14 |4
[=—ml — | Zel | R=p = (V, ) R=r’P+2rRP+R’P
r+R r+R

= 12.0°R=1.0"(10.0)+2(1.00)(10.0)R+10.0R* => 0 =R’ —12.4R+1.00.

12.4++/12.4* —4.00

Solving this quadratic equation yields: R= 500 0 =0.0812 Qor12.3 Q. Either of those

two resistances will work.

26.29.  Kirchhoff’s Loop Rule around the upper loop and large loop yields
Ve —(2.00 A)R=(2.00 A)(20.0 Q) =0 and V,,, ~(3.00 A)R=0 = V. =(3.00 A)R,

emf emf

respectively. Therefore,
(3.00A)R—(2.00 A)R—(2.00 A)(20.0 Q) =0 = (1.00 A)R=(2.00 A)(20.0 Q) = R=40.0Q

V.. =(3.00A)(40.0Q)=120.V.

emf

26.30. THINK: Close inspection of the diagram shows that there is no current flowing across the middle resistor
is zero. This is because there is nothing different between the point above and below the middle resistor.
That resistor can therefore be removed while changing nothing.
SKETCH: The new diagram is then:

R R
NW——m—AN
L
i Removed
MW———"V\/
R R
T,

] I
RESEARCH: The equivalent resistances of the top two resistors and the bottom two resistors are given by
R,, =R+R=2R, and R

to)

-1
1 1
by Req :[E—i_ﬁj .

-1 -1
SIMPLIFY: R = L+L = i =R
4 2R 2R 2R

CALCULATE: Not required.

ROUND: Not required.

DOUBLE-CHECK: The total resistance is comparable to each of the individual resistors as one would
expect.

=R+ R=2R, respectively. The system’s total equivalent resistance is given

bottom
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THINK:

(a) The dead battery is parallel to the starter and the live battery.

(b) Kirchoff’s Laws can be used to find the currents. Use the data:

V, =12.00 V, V, =9.950 V, R, =0.0100 Q, R, =1.100 Q, R, =0.0700 Q.
SKETCH:

i R, s 4
VA I f Live Battery
i R, +1/ Vo
>N | f Dead Battery
i R
> AN Starter
RESEARCH: Kirchoff’s Laws give:
i, =iy +ig (1)
iy =i, —i (1.1)
Vi —i R —iR; =0 (2)
V,, +iyRy —iR, =0 (3)
SIMPLIFY: Substitute (1) into (2) and solve for i,. V| —(iD+iS )RL —iR; =0 implies
V. =iy R, —i (RL +R; ) =0, which in turn implies
. Vi —ig (RL +Rs)
lD - (4)
RL
. . . VL_is(RL+RS) . . .
Substitute (4) into (3) and solve for i;. V, +| ——————= |R, —i,R; =0 implies
L
VLR, +V. R
l's — DL L™ "D (5)
R R, +RR, +RR,
Substitute (1.1) into (3) and solve for i;. V,, +(iL —iS)RD —iR; =0 implies
V,+i R
'S — D IL D (6)
R, + R
V, +i,R
Substitute (6) into (2) and solve fori,. V, =i R — o7hTp R, =0 implies
R, + R
. V.R,+V R, -V R
i = (7)
R R, +R R, + R, R
Substitute (5) and (7) into (1) and solve for 7, .
(9.950 V)(0.0100 ©)+(12.00 V)(1.100 Q)
CALCULATE: i = =149.938 A

*(0.0100 Q)(1.100 Q) +(0.0700 Q)(1.100 Q)+(0.0700 Q)(0.0100 Q)

_ (12.00 V)(1.100 Q) +(12.00 V)(0.0700 Q) - (9.950 V)(0.0700 Q) 150,434 A
" (0.0100 ©)(1.100 ©2)+(0.0100 ©)(0.0700 Q)+(1.100 ©2)(0.0700 )
150.434 A =i, +149.938 A = i, =150.434 A —149.938 A=0.496 A
ROUND: Three significant figures: i; =150. A, i =150. A, i, =0.496 A.
DOUBLE-CHECK: Inserting the calculated values back into the original Kirchoff’s equations;

V, —i,R, —iR;=(12 V)—(150 A)(0.01 Q)—(150 A)(0.07 Q) =0,
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and
V, +iy Ry, —iRg =(9.95 V) +(0.496 A)(1.1 Q)—(150 A)(0.07 Q) =0,
as required.
THINK: There is only one unknown, so one equation is sufficient to solve the problem. Use Kirchoff’s

Loop Law to obtain the answer.
SKETCH:

RESEARCH: Kirchoff’s Loop Law gives V, —i R +V, =0 for the first loop.

1
V4V
SIMPLIFY: i =21

1
1

CALCULATE;: , =22 Y12 Y
4.0Q

ROUND: i =1.0 A
DOUBLE-CHECK:  Consider the outside loop: V,—iR —iR,=0. From the second loop,
-V, =i,R, =0 = i,=V,/R,. So, 0=V, —iR —i,R, =V, —iR —(V,/R,)R, = i, =1.0 A, as before.

=1.0A

THINK: Kirchoff’s Laws can be used to determine the currents. Use the values: V, =6.0V, V, =120V,
R =1000Q, R, =40.0Q, andR, =10.0 Q.

SKETCH:
:I ;:
R TR
M\ NV
V, =60V —— gR‘li" — vy =120V

RESEARCH: i, =i +i,, V, =iR +i,R,, V, =i,R, +i,R,, V, —iR +i,R,~V, =0, and P=iV.

V., —i,R
SIMPLIFY: V, =iR +(i, +i,)R, = i =—2 LS
R +R,
. .. . V. —iR . ‘ VR i R ‘
VB=12R2+(11+12)R3 = VB=12R2+{W+5}R3 = VB:W{ﬁﬁ_ﬁ“zRa
)
+ V., -i,R
i, = 171 A L L N
R} R +R,
R,————+R,
R +R,

P =iV, B=i,V,

(6.0 V)(10.0 ) (10.0 QY
CALCULATE: i, =120 V——— 2 1// 400 Q———— 21100 Q |=0.20 A
10.0 Q+10.0 Q 10.0 2+10.0 Q
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. 6.0V —(0.20 A)(10.0 Q)
T 100041000

P, =(020A)(6.0V)=12W, P, =(020A)(12.0V)=24W

ROUND: i =0.20A, i, =0.20A, i, =0.40A, P, =1.2W, and P, =2.4 W.

DOUBLE-CHECK: The direction of i, and i, makes sense since they are in the direction of the driving

=020A, i,=020A+020A=040A

force of the battery.

THINK: The circuit has three branches. Kirchoff’s Loop and junction laws can be used to find at least
three linearly independent equations. Use the values: R, =5.00 Q, R, =10.0 Q, R, =15.0 Q,

V., =100V, and V, , =150 V.
SKETCH:
RI
“V\/
f]
eml, 1 =T .i_:
W L
R,
- emf, 2
i.‘
“V\/
R}
RESEARCH:
Vemf,1 - Vemf,z +4,R, —i,R =0 (1)
Vemf,l —i,R;—iR =0 (2)
i, +i, =i, 3)
SIMPLIFY: Substitute (3) into (2) and solve for i : V, . —(i, +i,)R, —iR =0 implies
V. . —iR
1-1 — emf,1 273 (4)
R +R,
Substitute 4 into 1 and solve for i, :
V.. —iR Ventz =™ Vemta T Vemea Ry /(R +R
Vemfl _Vemfz +i2R2 e R1 =0 = iz = © " ( e ( 1 3)) (5)
> ' R +R, (RR, /(R +R,))+R,

~ 15.0V—-10.0V +(10.0V)(5.00 ©)/(5.00 Q+15.0 Q)

CALCULATE: i, = =0.54545 A
(5.00 Q)(15.0 ©)/(5.00 Q+15.0 Q)+10.0 Q

. 100V —-i,(15.0 Q)
i, = =0.09091 A
5.00 Q+15.0 Q

i, =i +i, =0.636363 A
ROUND: To three significant figures: i, =0.0909 A, i, =0.545A, i, =0.636 A

DOUBLE-CHECK: The calculated values for the currents are all positive, which is consistent with the
direction specified in the problem.

1080



26.35.

Chapter 26: Direct Current Circuits

THINK: Kirchhoff’s Laws can be applied to this circuit. We must identify the junctions and the loops.
We note that the currents through resistors 1 and 3 are the same and the currents through resistors 6 and 7
are the same. We have five unknowns, i, i,, i,, is, and i;. We need five equations for the solution.
SKETCH:

e —_— =
vl v R, =4.00Q
» R » Ry R,=6.00 Q
jsré R R4§ l o \ R,=8.00Q
\ is / / R,=6.00 Q
AN~ : “" : - R, =5.00Q
—K; @ Vo R =100

emf,l ~ ) 8
Rﬁél“ R,=3.00Q
V"‘m-l..-'_z R, — Vo1 =600V
]li :V\_l\r* VL':nEl =120V

>
RESEARCH: We have i, =i, and i, =i.. We take the directions of the currents as shown in the sketch.
There are four junctions giving the following equations
a: ig+ig =i
b: i =i, +i,.
There are three loops that can be analyzed using Kirchoff’s loop rule. Analyzing each loop in the clockwise
direction:
Starting at a: —iR; —ijR, —i,R, —isR; =0
Startingatd: — V¢ —igRs —igR; + V¢ 5 +isRs =0
Startingatc: V,

emf,1 T1aRy =Ry =0.
The power supplied by each battery is given by P =Vi.
SIMPLIFY: Cramer’s rule is the most efficient method for solving a system of five equations and five
unknowns. Rearranging the equations:
—i) +i5 +ig =0
i, =iy —i, =0
—i; (R, +Ry)—i,Ry —isRs =0
isRs ~ig (Rs + R; ) = Vemg 1 = Veme 2
—i Ry +i4Ry ==V -

Taking the coefficients of the currents, we can write the matrix equation as:

1 0o 0 1 1 QW: 0
1 -1 -1 0 0 i, 0
—(R,+R;) 0 -R, -Rg 0 iy 0
0 0 0 Ry —(Rg+R)|lis| |Vemts = Vemsa
0 -R, R, 0 0 g ~Vemt1
CALCULATE: We can use Cramer’s rule to solve this system of five eql_lations and five unknowns
10 0 1 1|
1 -1 - 0 0o |4
—-12.00 0 —6.00 -5.00 0 i
0 0 0 5.00 -13.00|| i —6.00
0 -6.00 6.00 0 0 _i6 | —6.00 |
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The solution can be calculated by hand using Cramer’s rule or using a computer algebra system. The
matrix, when evaluated by such a program into reduced row echelon form, gives the numeric solution as:

1 0 0 0 O[] [0250746 | i, = 0.250746 A
01 00 0}i 0.625373 | i, = 0.625373 A
0 0 1 0 0|i,|=|-0374627 |=i, =-0.374627 A
0 0 0 1 0fi| |—-0152239| i ,=-0.152239A
000 0 1fi 0.402985 |  i; = 0.402985 A

The current through resistors R, and R; is i; =i; =0.250746 A in the assumed direction. The current
through resistor R, is i, =0.625373 A in the assumed direction. The current through resistor R,

isi, =0.374627 A in a direction opposite to the assumed direction. The current through resistor R. is
is =0.152239 A in a direction opposite to the assumed direction. The current through resistors R¢ and
R, is i, =i, =0.402985 A in the assumed direction.

The current flowing through V., is given by

i, +iy =0.625373 A —0.374627 A =0.250746 A.

P(Vimsy ) =(6.00 V)(0.250746 A)=1.504476 W.

€
The current flowing through V, ., is given by
iy +iy +i3 +ig +i, =0.250746 A +0.625373 A+0.250746 A+0.402985 A +0.402985 A =1.932835 A.

PV ) =(12.0 V)(1.932835 A) =23.19402 W.

ROUND: Rounding to three significant digits and assigning the directions we have:
Magnitude Direction

ii 0251 A totheright

i, 0.625A  to theright

iy  0251A upward

iy, 0375A upward

i 0.152 A to theright

ig 0403 A  downward

i, 0403 A to the left

P(Ving1 ) =150 W, P(Vyyp, ) =232 W.
DOUBLE-CHECK: We can substitute out results for the five currents back into our five equations and

show that they are satisfied.

THINK: When the potential difference between a and b is zero, no current will flow. The potential
difference will be zero when the ratio of the resistances above the ammeter is equal to the ratio of the
resistances below the ammeter. Use L, =25.0 cmand L, =75.0 cm.

SKETCH:
b

Am
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R R L
RESEARCH: The current is zero when —-=—- = RR =R R ,R =100.Q. R, = p—L and
R 17°L, XL, 1 L A

X L,
L
RL2 :pjz
L L L
SIMPLIFY: R p| 2 |=R p|=L| R =R =2
A A L
75.0
CALCULATE: R, =(100. Q)(ﬂj =300. Q
25.0 cm

ROUND: R_=300.Q
DOUBLE-CHECK: R_ is comparableto R, asone would expect.

THINK: Suppose the total equivalent resistance of the ladder up to some arbitrary point is given by R, .

Since the ladder is infinite, it does not matter what point on the ladder is chosen for the analysis, and

adding one more segment to the end will not change the equivalent resistance of the network.
SKETCH:

T— ) TF—A—
s 3 s 3
—AA— —A—

S - O I -
—A\— —A—
§ 3 3
A B A B

RESEARCH: The ladder consists of the array with resistance R, plus another segment with resistance R'.

R’ contributes one resistor of resistance R, in parallel with the array, and two resistors of resistance, R, in
series with the array. The total resistance is now R| =2R+R||R, =R,.

1 1) RR,
SIMPLIFY: R =2R+R|R, =2R+| —+— | =2R+
R R+R,

L

RR, 2 2
R =2R+——m = R (R+R )=2R(R+R )+RR = R} -2RR —2R*=0
+ L

CALCULATE: Solving the quadratic equation for R, gives R, = (1 +3 )R.
ROUND: Since no values are given in the question, it is best to leave the answer in its precise form,
R =(143)R.

DOUBLE-CHECK: Consider the first rung of three resistors in series. The equivalent resistance is
R,, =3R. Now, add another rung of three resistors. One resistor is in parallel with the first rung, and two

resistors are in series with the first rung. The equivalent resistance is now

-1

1 1 11

R, =|—+—| +2R=—R=2.75R.
@ 3R R 4
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-1
4 1 41
Adding another rung gives R :(—+—j +2R:ER:2.7333R. Repeating the process,

“? {11R R

153 571
R ZER =2.7324R, R, :ER =2.73206R,...,R, — (1+\/§)R. This verifies the value found in the

eq,3
solution.

THINK: This is a very famous and very tricky problem. Superposition can be used to find the answer. I
will inject 1 Amp into A as specified below and extract 1 Amp from B as specified below.

SKETCH:

1 Amp injected into A:

1
Iz*“
R§ | Amp g R
R 4 / R B R
V\ V\/ N\
1 1
—A —A
RS
1
lz/f
connected
to the ends
of wire
grid at oo
1 Amp extracted from B:
1
|2
1 1
I
R y R B R
V\/ V\/ —VV
: 1A
R§ e T ﬁk
end
connected
to o

RESEARCH: The superposition of the two cases has 1 Amp entering A and leaving B. The superposition
of the currents indicates that (1/2)A passes through the resistor R,,, showing the effective resistance
between the two points is R/2.

SIMPLIFY: Not required.

CALCULATE: Not required.

ROUND: Not required.

DOUBLE-CHECK: It makes sense that the effective resistance is less than R since there are other
pathways for the current to flow.
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Let i, be the maximum current (i.e. full scale value) the ammeter can measure without the shunt. If the

shunt is to extend the full scale value by a factor N /i,, then

:ltot
. i
=Ni, = =t _N_7,

A .
A

i
Since the ammeter and shunt have the same voltage across them,

i, +i

shunt

. . % Rm
Rty = Ryundiane = Ripune :;Rm = N_1
To allow a current of 100 A, the resistance of the shunt resistor must be
(1.00 Q) 1.00Q

Ry = = =10.1 mQ.
(1oo.A/1.oo A)—1 99.0

The fraction of the total current flowing through the ammeter is

j 1.00 A
,i:—( )_o.0100,
i (100.A)
The fraction of the total current flowing through the shunt is
i 1.00 A
Lohunt _ 1—( )=0.990.
i, (100.A)

The voltage across the device must be smaller than the voltage across the device and the resistor by a factor
of N. N(V, )=V, +V,

series *

Since il,V = iseries :

VLV Vseries Rseries Rseries
ol o N(V,, )=V +| == |V, = N =1+ = R
R R LV

LV series

=(N-1)R,

series
LV

Numerical Application: R =(100.-1)1.00-10° Q=99.0-10° Q=99.0 MQ. The 1.00 V potential drop
across the voltmeter is 1.00% of the total power. The other 99.0 V potential drop occurs across the added
series resistor and is 99.0% of the total.

The sketch illustrates the case of measuring V.

a
| s il R =10.0 MQ
V=6.0000V —— -
- b
1 DMM
R =100.00 kQ $
c
, . RR .
The total resistance is L+ R. The total current is
R+R
i= RRV :( “an 6‘00007V) =3.0149-107° A.
i 4R 1.0000-105 Q 1.00~107 Q) . 10000-10° O
R+R, 1.0000-10° Q+1.00-10" Q
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The potential across the voltmeter is

5 7
v = _RR _(3.0149.10° A)(1.0000~1o 0)(1.00-10 9)22‘985\,:2.99\,’

® "R+R 1.0000-10° Q+1.00-10" Q

Increasing R, will reduce the error since the voltmeter will draw less current.

26.42.  (a) The current is to be 10.0 mA for a voltage of 9.00 V. R=V_ . /i=9.00 V/(l0.0 mA) =900. O
(b) The current is 2.50 mA. The resistance is R +R. The current is given by

\%4 V_.—iR__ 9.00 V—(2.50 mA)(900. Q2
i — emf = iRvariable + 1R — ‘/'emf = R= emf 1 variable — ( )( ) =2.70 kQ,
R +R i 2.50 mA

variable

26.43. THINK:
(a) The total resistance must first be determined in order to find the current. Since the resistors are in
series, the same current flows through both of them.
(b) The current that flows through the circuit is the result of the equivalent resistance including the

variable

ammeter. The same current flows through the 1.00 kQ) resistor and the parallel combination of resistor
and ammeter. Of the current flowing through this combination, the majority will flow through the lower
resistance, i.e., the ammeter. The fraction of the current that goes through the Ammeter can be calculated
using the resistances.

SKETCH:
(a) (b)
1.00 kQ 1.00 kQ —~ Ly
AN AN | A
by Iy ‘
N\ V\/
1.00 kQ 1.00 kQ
' 1,
'
120V
|
|
120V
RESEARCH:

(a) R,=2R, R=1.00kQ, i =V/R,, V=120V

RR
(b) The current that flows through the circuit is i, :L, where R =R+ A R, =1.0 Q. The
R, : R+R,
current flowing through the resistor/ammeter combination is split into two parts. i, =AV, /R, and
ivom =AV,/R,.
SIMPLIFY:
.V
a) i, =—
@ 4 2R
_ AV, i, RR, 1% RR, 1%
(b) lArnm = = mm = . mm =
RAmm RAmm (R + RAmm ) R + RRAmm RArnm (R + RAmm ) R + 2RAmm
R+R,
CALCULATE:
120V
(a) i, =——————==6.00 mA

2(1.00-103 Q)
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12.
(b) ov ~0.01198 A

(1.00 kQ+2-(1.0 Q))
ROUND:
(a) i, =6.00 mA
(b) i, =0.012 A
DOUBLE-CHECK: The ammeter measures the current across the other resistor acting like a short across
the first resistor, as would be expected.

Amm

THINK:

(a) Ineed to find the total resistance and then find the potential drop in each resistor.

(b) When a voltmeter is connected across one of the resistors, the combination of the resistor and the
voltmeter will have an equivalent resistance slightly different from that of the resistor alone. This will
cause a change in the potential drop across the resistor/voltmeter combination. I need to calculate the new

potential drop.
SKETCH:
(a) (b)
R,
100. kQ 100. kQ @
W\ V\/ !
“V\/ V\/
100. kQ 100. k&
(|
y
V=120V | I
v .=120V
RESEARCH:

(a) Since they are identical and in series, the resistors have the same potential drop of V /2.

R R
(b) The total resistance is now givenby R, =R+ {Mj The potential drop across the voltmeter

voltmeter
|4 R R
iS then Vvoltmeter = lR = voltmeter .
R R +R

total voltmeter

SIMPLIFY: Not required.
CALCULATE:

12.0V

10.0 MQ)(100. kQ
=100. kQ+( 00 )( 00 )

total =199.009901 kQ
(10.0 MQ +100. kQ)

(b) R

120V 10.0 M©)(100. kQ
Vvoltmeter = 'y( )( ) =597V
199.009 12 | (10.0 M Q+100. k ©2)
The percentage change is S0V ->97V _ 0.500%.
6.00 V

ROUND: The percentage change is 0.500%.
DOUBLE-CHECK: It make sense that the voltmeter will reduce the voltage since any voltmeter (with
non-infinite resistance) will draw a small amount of current.

1087



Bauer/Westfall: University Physics, 2E
26.45.  The equation for the charge of a capacitor in an RC circuit over time is  Q(t)=Q,se " . Use the

initial

t
equations: 7 =RC, R =100. 2+200. 2=300. O, C =10.0 mF, ln(&j =—t/t,

100. mC

initial

t=-1 ln( Qlt) J and ¢ =—(300. Q)(10.0 mF)ln[Mj =8.99 s.

26.46.  The circuit can be easily simplified to

~
e
200 uF ——= §2.00 kQ
— —=C, ng,
6.00 uF ——= gé.ﬂ(} kQ

where R, =2.00kQ+6.00kQ=8.00kQ and C, =[(1/2.00uF )+({/6.00 uF )| =150 yF. The time
constant is then 7 =R, C,, =(8.00 kQ)(1u¥0 1}=ms. The initial charge of the 2.00 uF capacitor, with

eq Teq

initial potential V=100V, is g,=CV = (2.00 pF)(l0.0 V) =2.00-10° C. The charge decays as

q(t) = qoe'”f. When ¢t = %, the charge left is

q(%] =que”"* =0.6065q, =0.6065-(2-10° C)=1213-10" C.

26.47.  Since the position of the resistor with respect to the capacitor is irrelevant, the circuit is simplified to:

o o
R, =1.00Q J_CZZU'O“]: R_=3.00Q — €=200uF
= :3.
1 : $ eq
R,=2.000Q
[
II
V=120V V=120V
R_=R +R,=3.00Q

The maximum charge of the capacitor is g, =CAV =p@0](2.0 ( 2.40)%0 C. ™ In general, the

t

capacitor charges as q(t) =q, [l—e“c} When q(t) =(1/2)q,:

_t _t
%qozqo(l—e RCJ = e KC =% = t=—RCIn(%j=RCln(2).

Therefore, t = (3.00 Q)(QiFOIn ; (4);6 s.
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By Ohm’s law, the power, P =1.21 GW, is related to potential, V' =12.0 V, and resistance, R, by

2
2 2 (120V
R P 121GW

t t
The time to charge the capacitor, C =1.00 F, to 90.0% is q(t) =4, [l—e ke J =0.900g, = e *¢ =0.100.

Therefore, £ =—RC1In(0.100) = (119 nQ)(1.00 F)In(0.100) =274-10" s =274 ns.

THINK: The charge on the capacitor, C =90.0 uF, decays exponentially through the resistor,
R=60.0 Q. The energy on the capacitor is proportional to the square of the charge, so the energy also
decays exponentially. If 80.0% of the energy is lost, then 20.0% is left on the capacitor.

SKETCH:
C == D §R

i

RESEARCH: The charge on the capacitor is given by q(t) =q,e”""". The energy on the capacitor is given

2
t
by E(t)= l& To determine the time when there is 20.0% energy remaining, consider the equation:
2 C

E(t)=0.200E(0).
SIMPLIFY: Determine time, t:

2 2 —2t/IRC 2
E(t)= alt) _ge™™ 0.200E(0) = 0.20012-
2C 2C 2C

= ¢7"=0.200 = _—2t=ln(0.200) = t:—Eln(O.ZOO).
RC 2

60.0 (9B )

CALCULATE: t= In(0.200) = 4.3455-107 s
ROUND: To three significant figures, t = 4.35 ms

DOUBLE-CHECK: After t = 4.35 ms, the charge on the capacitor is 0.451 of the maximum charge. This
value squared gives 0.203, which is 20.0% with rounding error considered.

THINK: After sufficient time, the potential on both plates (area A =2.00 cm®and
separationd =0.100 mm ) will be AV =60.0 V. Since the capacitors are in series, the total charge on each
will be the same. The potential drop across a capacitor is needed to find its electric field. The second
capacitor has dielectric constant x =7.00 and dielectric strength S=5.70 kV/mm.

SKETCH:
N |

.
) 1.
N

///
oy
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A
RESEARCH: The capacitance of the air filled capacitor is C, = 8‘; , an that with the dielectric is

2

A
_KGA e h arge on a capacitor is Q=CAV. The energy stored in a capacitor is U:ZQ—C. The

G,

\4
electric field inside a capacitor is E = 7

SIMPLIFY:
(a) Equivalent capacitance is

-1 -1 -1
Ce = L_{_L = i+ d = SUA 1+l =ﬁ L .
¢ C &A kg A d K d \k+1

Charge on the first capacitoris Q=Q, =C_AV.

(b) Charge on the second capacitoris Q=Q, = C,AV.
2 2
Q’ B C. qAV 1

¢) The total energy on both platesis U = = =—C_AV*.
( ) gy p 2Ceq zceq 2 €q
d
(d) The potential drop across the second capacitor is AV, :% = Q_A The electric field across it is then
2 KgO
AV,
g=2%2_Q
d kgA
CALCULATE:
8.854-107” C*/(Nm?))(2.00-10" m*
@ C, =% H ( ))( ) =1.54945-10" F
“ 7.00+1[ 1.00-10™ m

Q, = (1.54945-10*“ F)(60.0 V)=9.2967-10"" C

(b) Q,=9.2967-10" C

(© U :5(1.54945-10*“ F)(60.0 V)’ =2.789-10" J
9.2967-107"° C
(d) E, = =75,000 V/
’ 7.00(8.854~10’12 c/(N mz))(2.00-10’4 m?) "

ROUND:

(@) Q =930-10"C

(b) Q,=9.30-10" C

(c) U=2.79-10"]

(d) E,=75.0kV/m

DOUBLE-CHECK: Numerically, AV, =7.5V and AV, =Qd/§,A=52.5V, so AV, +AV, =60V =AV,
which means energy was conserved. Also, since E, <S (dielectric strength), this capacitor is clearly viable,

so it makes sense.

THINK: Since the dielectric material (x =2.5, d=50.0 um and p=4.0-10"” Q m) acts as the resistor
and it shares the same cross sectional area as the capacitor, C=0.050 puF, a time constant, 7, should be
independent of the actual capacitance and resistance, and only depend on the material.
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SKETCH:

7/ N T

N

RESEARCH: The capacitance is C=xe, A /d. The resistance is R= pd/A. The time constant is 7 = RC.

A
SIMPLIFY: The time constantis 7 =RC = [pj j[%j=l(pé‘o.

CALCULATE: 7=25(4.0-10" Q m>(8.85-10’12 c*/(N mz)):88.5 s

ROUND: 7=89s

DOUBLE-CHECK: While this value seems relatively high, it is nonetheless perfectly reasonable. The
high resistivity and greater than 1 dielectric material, both imply bigger R and C, so a high 7 is
reasonable.

THINK: Since the current varies with time due to the charging of the capacitor, C =2.00 mF, the energy
lost due to heat from the resistor, R =100. Q, is found by integrating the power dissipation of the resistor
over time. When the capacitor is fully charged it has the same potential as the battery, AV =12.0 V.
SKETCH:

RESEARCH: When the capacitor is fully charged, the energy stored in itis U = (1 / 2)CAV2. The power

across the resistor is P=I1’R. The current decreases exponentially by i(t) =i,e"'", where 7=RC and
i,=VIR.
SIMPLIFY: Energy across the capacitor: U, = (I/Z)C V2. Energy dissipated through the resistor:

U, I t)dt —j (t))2 Rdt = RJ.:(IO )2 e 2 df = RJ:[%)Z e 2 gy — %2 J.:e’z”rdt.

Therefore,
2 0 2
U, v ‘:—zez”f} v 0-—2¢ |= VZT.
R| 2 , R 2 2R

V*(RC)

1
Therefore, 7=RC, U, = :ECVZ and U, =U,.

CALCULATE: U, =U, =(1/2)(2.00 mF)(12.0 V) =0.144]
ROUND: U, =U, =0.144 ], the same energy for both.

DOUBLE-CHECK: The energy stored in capacitor is same as energy lost to heat by the resistor. This
makes sense if I consider that the total internal energy should stay the same. Therefore, energy lost by
resistor is energy gained by capacitor, so energy is conserved.
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THINK: Normally, to be fully discharged the time needs to go to infinity. After At=2.0 ms, the
capacitor should be as close to fully discharged as possible. A good standard of discharge is when the final
charge is less than 0.01% which roughly corresponds to a time of 107, where 7 is the time constant of
the circuit. From 7, the capacitance, C, can be determined and using E=5.0] the potential difference

on the plates is found. R=10.0 kQ.
SKETCH: Not required.

RESEARCH: The time constant is approximated as 7 = (I/IO)At, anis also 7 =RC. The energy stored in
the capacitor is E =(1/2)CAV?.

SIMPLIFY: The capacitance is C = % = IAO_; the potential difference is then AV = f%

2(5.0
CALCULATE: C=—20™5 __»0.10° F=q#20 AV = 2(501)
10-10.0 kO 0.020 pF

ROUND: C=0.0200 uF, AV =22.4kV

DOUBLE-CHECK: If instead I chose the capacitor to be only 99% discharged, corresponding to only
At =57, the potential across the capacitor would be about 16 kV, which is also high, so our choice is
reasonable.

THINK:

(a) When switch S, is closed, the current flows solely through resistors R, =100. Q2 and R, =300. Q
which are in series with a battery V__ =6.00 V.

(b) When switch S, is closed, the current splits between R, =100. Q in one branch and R, =200. Q with
a capacitor C =4.00 mF in the other branch. Initially there is no charge on the capacitor so there is no
potential drop across it, meaning it does not initially contribute to the current. These branches are then in
series with resistor R, =300. Q2 and battery V, . =6.00 V.

(c) The capacitor, C =4.00 mF, will charge but only through resistor R, =200. Q, so as to give a time

mf

constant 7. As it charges over t=10.0 min=600.s, the current through that branch will decrease
exponentially.
(d) When the capacitor, C =4.00 mF, is fully charged, no current flows through that branch. This means

that initially, the battery V_ . =6.00 V, is in series with resistors R, =100. Q and R, =300. Q. The initial
potential in the capacitor must still equal the potential drop across resistor R,. When switch S, is opened,
the capacitor begins to discharge though resistors R, and R, =200.€Q. As capacitor discharges, the
current will decrease exponentially to i, =1.00 mA .

SKETCH:

(a) (b)

R
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(c) (d)
r—» i
Vcl:)l' J_ J_ ('" AI{’L'
R g 1 R ? = C AV,
in [ R,
%% Vv
R, R,
RESEARCH:
(a) The equivalent resistance is R,, =R, +R,. By Ohm’s Law, the current through circuitis 7, =V, /R .

(b) The equivalent resistance of resistors 1 and 2is R, = (l/R1 +1/R, )71. The total equivalent resistance is
then R, =R, +R,,. By Ohm’s law, the current through circuitis I, =V, /R, .

T

(c) As the capacitor charges, the current through it decrease as i, (t) =ie™’" where, 7=R,C. The current

through resistor R, is i, and the total current out of the battery is i =i, +i_.
tit

(d) Potential drop across R, initially is iR =AV, =AV,. Current decays exponentially as i (t) =ie",
where 7= (R1 +R, )C and by Ohm’s law, i, = AVC/(R1 +R, )

SIMPLIFY:
\% \%
(a) il — emf — emf
eq Rl + R3
-1
1 1 RR \% \%
(b) R12 :[_+_j — 172 , iz — emf — emf .
R R, R +R, Req R, +R,
(c) Calculate ic(t) and infer i from it.
AV, Ri
(d) Initial currentis i, = ¢ = 3 \hen i(t):if. Therefore,
R +R, R +R,
i, = Ry e ii(R ‘f'RZ) e = f=—7ln ii(R ".'RZ) '
R +R, R R
CALCULATE:
(@) i :&2 0.0150 A =15.0 mA
100. Q+ 300.Q
100. €2)(200. Q2
(b) R, =¢ =66.67 Q, i, - 80V 01636 A=16.36 mA
100. Q+200. Q 300. Q+66.67 Q

—600. s

() t= (200. Q)(4.00 mF) =0.800s. i (t) =ie " =je”™ ~0A. Regardless of what i
10.0 min, the current through that branch is effectively 0.0 A. Therefore, i =i, =15.0 mA. Since there is

, is after

no current through the capacitor, the circuit is equivalent to having switch S, open, as in part (a) so
current through battery is then the same as in part (a).

(1.00 mA)(100. Q+200. Q)
(100. Q)(15.0 mA)

(d) 7=(100.Q2+200.Q)(4.0 mF)=1.20's and t =—(1.20 s)ln( ]= 1.9313 s

ROUND:

(a) i,=15.0mA
(b) i,=16.4 mA
(¢) i=15.0 mA
(d) t=1.93s
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DOUBLE-CHECK:

(a) This is a reasonable value for current.

(b) Since I added a resistor in parallel, the overall resistance is expected to decrease, and hence the current
increase, so it makes sense.

(c) From part (b), I saw the overall current was greater than in part (a). If a piece of the current found in
part (b) dies off, the final current should be smaller, so it makes sense.

(d) Since I know the current should reduce to zero in t =600. s, then reducing by 80.0% in only 1.93 s is
very reasonable so it makes sense.

THINK: The capacitor, C =2.00 uF, charges via the battery, AV =10.0 V, through resistor, R, =10.0 €,
so the resistors, R, =4.00 Q and R, =10.0 Q, can be simplified to be in parallel. After a long time, the
capacitor becomes fully charged and no current goes through it. The potential drop across it is then the
same as the drop across R, and R,. The energy of the capacitor is proportional to the square of the

potential drop across it. The total energy lost across R, is determined by integrating the power across it

over time.
SKETCH:
W\,
%
l $ R, $ R —
v _.=100V T

R

" .
l N
, i:) gRJ_‘ ’ Rrﬁ 1(;)::) ——

emf’ ‘|'
I()
emf —|_

\

-1
1 1
where R, = (F + E) =290Q

RESEARCH: The current through the circuit after along timeis i=V,

emf

/ (R1 +R,, ) Resistors in parallel
add as R, =(R2’1 +R;' )_1. The potential drop across the capacitor is AV, =iR,,. The energy in the

capacitor is given by E=C (AVc )2 /2. When the switch is open, the current through R, is i, =AV_ /R,.

~t/Ry,

The current across R, varies as i, (t) =i,e"™. The power across R, is given by P, =i. (t)R3. The energy

across R, is given by E, = I:P3 (t)dt.
SIMPLIFY:
R

‘/emf 23

(a) The potential drop across the capacitor is given by: AV, =iR,, = 2 iR
+

1 23
2

(b) The energy in the capacitor is given by E = %C (AVC )
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“b AV? o
(c) The energy across R, is given by: E, = dt— R re 2l = —C | el
gy , isgiven by: E, = [ =,
3

t=00

_ AV¢ _R,C ¢ 2/RsC _ AV, 0+ R, C AVchsc
R3 2 =0 R3 2 2R

CALCULATE:

3

2 (10.0 V)(2.86 Q)

-1 -1
a) R =( 10.0 Q) +(4.00 Q ) =286Q, AV.= =222V
@ Ry, =(( )+ ) ©1000Q+2.86Q

(b) E= (2 00 uF)(2.22 V) =4.938-10°

(2 22 V)’ (2.86 Q2.00 )

2(10.0 Q)

(c) E, = =1.411-10"°7J

ROUND:

(a) AV, =222V
(b) E=4.94y]
(c) E,=141y]

DOUBLE-CHECK: The energy across R, is E, :(AVC )2 R,,C/2R,=3527  The result makes sense

because energy is conserved: E, + E, =E.

THINK:

(a) The capacitor, C=15pF and AV, =100.0V, is fully discharged when the charge is less than 0.01%,
which roughly corresponds to a time of 107, where 7 is the time constant of the circuit. The resistor in
question is a cube of gold of sides /=2.5 mm and resistivity p, =2.44-10° Q m.

(b) The capacitor, C=15uF and AV, =100.0V, is fully discharged so that all the initial stored energy
has gone to heating the resistor. The resistor in question is a cube of gold of size I=2.5 mm, density
P, =19.3-10° kg/m*> and specific heat ¢=129]/kg°C. Assume the cube is initially at room
temperature, T, =20.0 °C.

SKETCH:
(a) (b)
i
¢ % 7
t ¢
¢
C {
||
I C
AV "
1|
AV
RESEARCH:

(a) The resistance of the cube is R= p,L/A. The time constant is t =107.
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(b) The energy of the capacitor is U :(1/ Z)CAVg. The energy gained by the gold block increases its
temperature as Q=mcAT. Mass of gold is m=p, V. The energy the cube gains is same energy the
capacitor dissipates, U. =Q.

SIMPLIFY:

. . . L ol 10p,C
(a) The time for discharge is t =107 =10RC =10| p, " C=10 7 C ==

(b) To find the final temperature: Q=U,. = mcAT = (1 / 2)C (AV)2 . Therefore,

1 CAV?

poVe(T; —Ti)=5CAVf =T :TDI%+’I;'

CALCULATE:
10(2.44-10° Qi )(15 )
(a) t= =1.464-107 s
(2.5 mm)
F)(100.0 V)’
b) T, = (15 uF)(1000 3) +20.0 °C=21.928 °C
2(1.93-10" kg/m® )(2.5 mm )’ (129 J/(kg °C))

ROUND:
(a) t=1.46ns

(b) T; =219 °C

DOUBLE-CHECK:

(a) The calculated value has appropriate units for time, and the magnitude of the value is reasonable for a
discharge time.

(b) The temperature of the gold cube does not change appreciable, which would be desirable for real
circuits, so it makes sense.

THINK: Consider any given rung on the ladder to have a total equivalent capacitance of C,. Next,

determine the equivalent capacitance, C,, of C, with the next rung and two legs. Since the ladder is

1’
infinite, it should not matter where on the ladder the analysis is performed. If C, is the equivalent
capacitance of all the capacitors beyond some point, then adding another set of capacitors to the mix
should not affect anything and C, should equal C,, giving a recursive relation in C and thus the total

equivalent capacitance, in terms of C, can be determined.

SKETCH:

¢ o e
pnstinn i}
ST N7 {750 RN
¢ ¢ iC._ G
J\l/ ¢
R /

N

|J_i|| J_ J_ i

c=i ¢ c,!

S
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RESEARCH: Capacitors add in series as C,; =C," +C,". Capacitors in parallel add as C,, =C, +C,.
SIMPLIFY: C, is parallel to C, which gives C'=C, +C. C' isin series with 2 C’s, which gives:
1 2 1 1
— ==
C C c+C, C

0

CC
Therefore, 2C, + —2>==C = 2C,(C+C,)+CC,=C(C+C,) = 2C,C+2C; +CC, =C* +CC,

C+C,

= 2C; +2CC,-C* =0.
—2C++/4C* +8C°

C
CALCULATE: Using the quadratic equation: C, = ——?i

4
V31

C, = [—] C, since C, must be positive.
2

4

Jﬁc:c[_“;‘g].

0

ROUND: Not necessary.

DOUBLE-CHECK: Consider the first rung of three capacitors in series. The equivalent of these is C/3.
Adding another rung of three capacitors puts one capacitor in parallel with C/3 and then two capacitors in
series with this to get:

-1
C+£=£ and then £+i :iC.
3 3 C 4C 11

Adding another rung performs the same operation as before to get:

-1
C+iC:EC and then £+£ :EC.
11 11 C 56C 153

-1
15 56 2 153 209 2 7
Continuing on gives: C+—C=—C and then | —+——| =—C, C+—09C:—80C and then
41 41 C 209C 571 571 571
2 571
—+——| =0.36602534C, C+0.36602534C =1.36602534C and therefore
C 780C
2 1 h
—+—————| =0.366025399C. The series converges around C,=0.366025C. The solution is
C 1.36602534C

C, = («/3 -1/ 2)C =0.366025C, which is the same as the above result. Therefore, by continuously adding
rungs to the ladder, it converges to the previous result.

(a) If the switch is closed for a long time, the capacitor is fully charged and there is no current through
that branch. Therefore, the current through The 4.0 Q resistoris i =0 A.

(b) With no current through R,, the potential drop across it is AV, =0 V. The two resistors, R, =6.0 Q
and R, =80€, are in series with each other, so the current through them is
i= AV/(R1 +R, ) =(10.0 V)/(14.0 Q)=0.714 A. The potential drop across the 6.0 Qresistor is
AV, =iR = (0.714 A)(6.0 Q) =4286V, and across the 8.0Q  resistor is AV, =iR,
= (0.714 A)(S.O Q) =5.714 V. Therefore, to three significant figures, AV, =429V, AV, =0.00V and

AV, =5.71V.
(c) The potential on the capacitor is the same as the potential drop across the 8.0 Q) resistor since they are
parallel, so AV, =AV, =571V.
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26.61.

26.62.

26.63.

(a) The maximum current through the ammeter is i, =1.5 mA. The ammeter has resistance R, =75 Q.
The current through a resistor is given by i =V /R, where V is the potential difference across the resistor.
Since current flows through the path of least resistance, when a shunt resistor of small resistance R, is

connected in parallel with the ammeter, most of the current flows through the shunt resistor. The shunt
resistor carries most of the load so that the ammeter is not damaged.

R

JIshum 4 shunt

VN

E—nW—-@-

b R,
and i, R, =i, R,. Therefore,

shunt ™ “shunt

. L, R R
1=RA_1+1A=1A£R1 +1j.

From Kirchoff’s rules i=i,  +1i,

shunt shunt

For known current i, (measured by ammeter) and known resistances R, and R the new maximum

shunt >
current i can be calculated. Note that i>i,. A shunt resistor is added in parallel with an ammeter so the
current can be increased without damaging the ammeter.

(b) From Kirchoff’s rules shown above,
j j 1.50 mA )(75.0 Q

_iR iR i ) _7.501.10° Q=750 mO2
i—i, 150 A—1.50 mA

R

shunt
shunt

The potential on the capacitor, C =150.pF, when it is fully charged is AV =200. V. The potential
decreases exponentially as it discharges through R=1.00 MQ, by AV(t)zVe”’RC. When

t

t
-5 '
AV (t) =500V, AV(t) =500V = (200. V)e RC = ¢ KC =T Therefore, the result is
t =RCIn(4.00)=207.94 =208 s or 3.47 min.

The capacitor, C, discharges through the bulb, R, =2.5kQ, in At, =0.20 ms. The charging time

is At. =0.80 ms. For simplicity assume the charging and discharging time are the time constants of the

At 2
circuits. Therefore, At, =7, =R.C = C :—”’ZM:S.O-IO’8 F=80. nF, and
R, 25kQ
At.  0.80
At, =7, =RC = R=—C="""T_10 kO,
C 80. nF

The potential, V, ., of the battery is the same with ammeter, R, =53 Q, as without. The external
resistance R=1130C), has a current of I=525mA with ammeter, so by Ohm’s law

=i(R, +R)=iR = i'= i(R°R+R) (525 mA)1<153i)£§22+1130 2) =5.4962 mA =5.50 mA.

\%4

emf

THINK: When the switch is set to X for a long time, the capacitor, C =10.0 uF, charges fully so that it
has the same potential as the battery, AV_=V_ . =9.00 V. After placing the switch on Y, the capacitor
discharges through resistor R, =40.0 Q@ and decreases exponentially for both immediately (t =0 s) and
t =1.00 ms after the switch.
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SKETCH:
Before: After:

R

1

O,

emf’

RESEARCH: By Ohm’s law, the current initially is iy = AV,./R,, where AV, =V_ .. Current decays
exponentially as i(t) =ie”’", where 7=RC.

SIMPLIFY:

(a) Initial current is iy =AV_/R, =V,

emf /RZ :

—t
(b) After t =1 ms, currentis i(t) = Ioe’”f =iefc.

CALCULATE:
00V

(@) i, = =0.225A
40.0 Q

—1.00 ms
(b) i(1.00ms)=(0.225 A)e™ ¥ ) =0,01847 A
ROUND:
(a) i,=225mA
(b) i(1.00 ms)=18.5 mA
DOUBLE-CHECK: After only 1.00 ms, the current decreases by almost 90.0%, which would make this a
desirable circuit, so it makes sense.

THINK: Since the two resistors, R=2.2kQ, the two capacitors, C=3.8pyF, and the battery,
V

emf

=12.0 V, are all in series, the order doesn’t matter, so equivalent resistance and capacitance are used
to determine the time constant, 7. The current then decreases exponentially from it’s initial current to
i, =1.50 mA in time ¢.

SKETCH:

emt” ]

-

RESEARCH:  The equivalent resistance is R, =R+R=2R, and the equivalent capacitance is

-1

C, =(1/C+1/C) =C/2. Initial potential in capacitor, AV, =V_ .. By Ohm’s law, the initial current is
i,=AV,IR,.
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i .
AV AV
SIMPLIFY: The current at time ¢ is i(t):ioe’”r = 1C Rl _ 2 plner) -

R 2R 2R

eq

AV, = 2R, 2Ri
i(t)=i, = i, =—Ce = L _¢R = {—_RCln|
2R AV, AV,

AV, L

eke,

0664998 s
120V

CALCULATE: f=—(2.20 kQ)(3:80In ) (2(2'20 kQ)(1.50 mA)]

ROUND: ¢=5.00 ms
DOUBLE-CHECK: The initial value of the current was about 2.7 mA. The circuit decays to about half its
original current in roughly 5 ms, which makes this a desirable circuit, so it makes sense.

26.65.  The charge on the capacitor increases exponentially with a time constant, 7 =3.1s. Since the amount of
energy in the capacitor is proportional to the square of the charge, the energy also increases exponentially.

R

w

The charge on the capacitor is given by q(t):qo(l—e”’ T). The energy on the capacitor is given by

1
0

E(t):qz(t)/ZC. The time to get to half of the maximum energy is given by E(t)zE /2, where

max

E_. =4q./2C. This gives:

—t/T 2
=£:q2(t)=qg(l_e ) ) = l—e’”r=L =
4C 2C 2C V2

t= —rln(l—%} =—(3.1 s)ln[l—%} =3.8s.

26.66. THINK: When the switch is closed for a long time, the capacitors, C, =1.00 pF and C, =2.00 pF, are
fully charged so no current flows through them, and thus the current only flows through the two resistors,
R, =1.00 kQ and R, =2.00 kQ), driven by a battery V. =10.0 V. At this point, the potential drop across
each resistor is equal to the potential on its complementary capacitor. Since the capacitors are in series,
they have the same charge on them.
SKETCH:
(a) (b)

E(t):%Em

|y
II
Vrm

RESEARCH: The current, by Ohm’s law is found in both cases as i=V,

emf

/ (R1 +R, ) When the switch is
closed, the potential drop across capacitor C; is AV, =Q,/C, =IR, (forj=1,2). When switch is open,
charge on each plateis Q=C, V.

1100



26.67.

Chapter 26: Direct Current Circuits

SIMPLIFY:
(a) The charges on the capacitor are given by: Q,/C; =iR;, = Q,; =iR,C; =AV_ R.C,/ (R1 +R, )
Q =V, RC/(R +R,)and Q =V, RC,/(R +R,).
(b) The charge on each capacitoris Q=C,V,, = (I/C1 +1/C, )71 Vo = CICZ/(C1 +C, )Vemf.
CALCULATE:
(10.0 V)(1.00 kQ ){F.00 ):3.33'1076 Cand Q- (10.0 V)(2.00 kQ){R.00 ) _133.105 C

(@ Q=

1.00 kQ +2.00 kQ 1.00 kQ +2.00 kQ
10.0 V)(1.00F F
(b) Q =( )(1 il 9(00 s )=6.67~10"’ C
1.00 uF +2.00 pF

ROUND:
(a) Q,=3.33uC, and Q, =133 puC
(b) Q=6.67pC

DOUBLE-CHECK: More charge builds up when the capacitors have their own resistor than when they
are paired together. This is because even though the potential drop across them is the same in both cases,
when the switch is open, the overall capacitance of the circuit is less than the sum of two. So a smaller C
gives a smaller Q so it makes sense.

THINK: From Kirchoff’s rules, an equation can be obtained for the sum of the three currents, i, i, and
i;, and two equations for the two inner loops of the circuit. This will yield 3 equations for 3 unknowns
(the currents) and can be solved by simple substitution. Once the currents are known, the power over each
resistor is found via Ohm’slaw. R =10.0Q, R, =20.0Q, R, =300, V,=15.0V and V,=9.00 V.

SKETCH:
R

E

AN —
R, v,

3

RESEARCH: Looking at point A, the three currents all flow into it, so i +i, +i, =0. Going clockwise in
each loop (upper and lower) yields two more equations: —,R +i,R, =V, =0 and V,—i,R +V, +i,R, =0.

The power across a resistor is P =i’R.
SIMPLIFY: Since all resistances and all voltages are known, the first three equations can be solved for the
three separate currents:
i, +i,+i, =0 = i, =i, —i,,and iR +i,R, ~V, =0 , then
. ) . LR, -V,
iR +i,R, -V, =0=i =2 2—2
1
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26.68.

V,—i,R, +V, +i,R, =0=V, —i,R, +V, +(—i, =i, )R, =0

LR, —V, RV, +V,(R +R
. Zj_i2]R3=0:>i2=RlRl+R21(z 1+R;z)'
122 173 273

=V,-L,R, +V, +(—(

1

iy =—i, —1i,.

The power across each is then P, =i’R,, P, =i.R, and P, =i.R,.

CALCULATE:
RV, +V,(R +R,) (10.0Q)(15.0 V)+(9.00 V)(10.0 2+30.0Q) R
> RR,+RR,+R,R, (10.0 Q)(Z0.0 Q)+(10.02)(30.0 Q) +(20.0Q)(30.0 Q)
iR —v. (04636 A)(20.0Q)—(9.00V
j =22 2:( i )= ):0.02727A
R 10.0Q
i, =i, —i, =—(0.4636 A) (0.02727 A ) =—0.49087 A , or i, =0.49087 A to the left.
P, =(0.02727 A)*(10.0 ) =0.00744 W, P, =(0.4636 A)’ (20.0 Q)=4.299 W, and
P, =(0.49087A)"(30.0 Q) =7.230 W.
ROUND: P =7.44 mW, P,=430W and P,=7.23 W.
DOUBLE-CHECK: Looking back at the values for current, it is found that
i, +i, +i, =0.4636 A +0.02727 A —0.49087 A =0,
which is what would be expected. Going from left to right on each branch gives
3.00 3.00 3.00
~iR =—=—V, V,-i,R,=———V and —i,R, -V, =——— V
11.0 11.0 11.0

So the potential drop across each branch in parallel is the same, so the answers make sense.

THINK: From Kirchhoff’s rules, an equation can be obtained for the sum of the three currents, i, i, and
i;, and two equations can be obtained for the two inner loops of the circuit. This will yield 3 equations for
3 unknowns (the currents) and can be solved by substitution. Once the currents are known, the voltage

drop over resistor 2 is found via Ohm’s law. R =30.0Q, R,=40.0Q, R, =200Q, V, . =12.0V and
V.. =160 V.
SKETCH:
-—
1
L VWA
R

emf, 2
RESEARCH: By the choice of directions of currents, at point A, the currents sum as
i, —i, —i, =0. Going clockwise in the upper and lower loops gives 2 equations: -V, +4 R +i,R, =0 and

—i,R, +i,R, -V, =0.Potential drop across resistor 2is AV =i,R,.
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Chapter 26: Direct Current Circuits

SIMPLIFY:

i —i,—i, =0=> i, =i, —i,.

V. —i,R

~V, +iR +iR =0=i =122
1

—i,R, +i,R, =V, =0=—i,R, +(i, =i, )R, =V, =0

iR+ | VBB | R v —omi = RV,
e R, S I > RR,+RR,+RR,

The potential drop across itis AV = |i2|R2.
CALCULATE:
RV, (200Q)(12.0V)
RR, +RR, +RR, (30.0Q)(40.0Q)+(30.00)(20.0Q)+(40.0Q)(20.0Q)
AV =(0.092307 A)(40.0 ) =3.6923 V

ROUND: AV =3.69V
DOUBLE-CHECK: Going back to equation for i and i,, I get i, =0.2769 A and i, =—0.18461 A, where

=0.092307 A

L

i, =0.093207 A, so the currents are consistent. Calculating the potential drop across the upper and lower

branches gives V, —i R =3.6923 V and V, +i,R, =3.6923 V, so each branch has the same potential drop
across it, so it makes sense.

4reab

(a) From equation 24.10 of the textbook, the capacitance of a spherical capacitor is C= , where

—a
b=1.10cm and a=1.00 cm. Since it is connected in series with resistor R =10.0 MQ and emf voltage,
V... =10.0 V, the time constant is

4zg,Rba  47(8.8542:10™" N'm’/C?)(10.0 MQ)(1.10 cm )(1.00 cm)

7=RC = (b—a) (1,10 cm —1.00 cm)

=1.22-10"s.

(b) The charge on the capacitor still grows: q(t) =4, (1 —e ' ), where g, =CV_ .. Therefore,

Are V. _.b (0.1 ms)
q(O.lOOms):M[l—e :

(b-a)
47(8.8542:10"” N'm*/C”)(10.0 V)(1.10 cm))(1.00 cm)(l_e—%
(1.10 cm—1.00 cm)

=68.5 pC

THINK: Since the circuit has three branches, four equations (one for each branch and the equation for
the current at a junction) can be written down simply by inspection. However, a deeper analysis is
required to fully understand the evolution of the circuit. For example, as the capacitor, C=30.0 uF,

charges, the current through it, i, (t), starts at some maximum and decays to zero. When this happens, the
other currents, i, (t) and i, (t) must become equal. Even though there are two branches with batteries,
V., =80.0V and V_.. =800V, and resistors, R, =40.0Q and R, =1.0Q, and R.=20.0Q and

emf,2 emf,3
R, =1.0 Q, respectively, the capacitor effectively sees two resistors in parallel to charge through. All three
currents and the potential across each branch are time dependent.
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SKETCH:

I

\; emf3 3 j

RESEARCH: Starting at junction X and going clockwise around the three loops gives three equations for
the potential along them. Also, junction X gives an equation relating the currents.

~AV(t)+ Ry, (t) =V, =0 o
—AV, (t)+ V0, —Ryi, (t) =0 o)
Ry (1) Vo R (1) Vo =0 ®

i,(t)=i,(t)+i,(¢) (4)
where R, =R, +R, and R, =R.+R,. The charge on the capacitor is Q(t) =Q, .. (l—e't“), where
7=R, C. The equivalent resistor is R, and R, in parallel. The current through the capacitor decays as

i (t) =i, (O)e’”’ , where i, (O) is the initial current through the capacitor.

1 1
SIMPLIFY: The time constant is given by: 7=R, C=C E—+ R_]
2 3

from junction X to Y. Along each branch it must be equal, so for the bottom two branches:

" CRR,

. Consider the voltage drop
R, +R,

R, (1‘)—Vem£2 =V s —R3i3(t) = Vs T Vs = Ry, (t)+R3i3(t). Using equation (4), and substituting
in for i, (t) and i3(t) gives:
Vv .+V .. —Rilt
Voo + Vs :Rz[il(t)+i3(t)]+R3i3(t):R2il(t)+(R2+R3)i3(t) = i(t)=—"2 R“‘fR o ),
2 3
V otV o, +Ri (¢t
Voo + Vs = Roiy (£) + Ry [iz(t)—il(tﬂ=—R3il(t)+(R2+R3)i2(t) = i (1) = -2 RemfR Al )
2 3
. - o o o Venez Vs
When t — oo, zl(t)—>0, so the steady state current is given by: }EE zz(t):}gg 13(1‘):1S :ﬁ
2 3

At all times, the voltage drop from X to Y is the same along any branch. Now that the steady state current
is reached, the voltage drop across the capacitor can be determined and thus the maximum charge and

initial current on the capacitor. Compare AV, (t = oo) to both branches:

AV (t=0)=AV,, =R (t=0)-V,  =Ri -V, or
AV = Ve R, (t=00) =V, ., —Rii.
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Vemsa + V. Vo4V
- AVC’maX - R3 % ‘/emf,_?, = Vemf,z - R2 M
2+ R, R, +R,

V. o, +V R, +R R, +R V. o,+V
- R3 emf,2 emf,3 _‘/emfﬁ 2 3 :‘/emm 2 3 _RZ emf,2 emf,3
R, +R, R, +R, R, +R, R, +R

2 3
— RS‘/emfZ RZ‘/eme — R}‘/emfz RZ‘/eme
R, +R, R, +R,
Th _ C(Ravemfz R2Vemf3) .
e maximum charge is given by: Q_ =CAV_ = R R . In general, Q(t) is related to
2 3
. , dQ d e 1 ) Qe urr
(0 by i(0)=" o (1-er)eq [0 Lo | Qe
; (0)= Qmax _ C(Ravemf,z 2 eme)(R +R _ Vemf,z B ‘/emfj
! z R, +R, \CRR, ) R, R
Now that i, (0) is determined, i, (t) and i, (t) can be expressed in simpler terms:
i (t):‘/emf2+‘/emf3+R3il(t):‘/emf2+‘/emf3 R ( EmfZ/R ‘/emf3/R )eitlr
: R, +R, R, +R, R, +R,
-4 (R /R ) emf,2 Vemf,S e—t/r.
’ R, +R,
i (t) — ‘/emfz +Vemf3 R2i1 (t) _ Vemfz +‘/emf3 _ R ( emf,2 /R ‘/emf3 /R )e*”T
’ R, +R, R, +R, R, +R,
:15+{(R /R ) emf,3 ‘/emf,Z }e—t/r
R, +R,

The potential across the capacitor for any given times is then given by:

AV, (t) :? —Qﬂ(l_e—w) M(l_ewr )

C R, +R,
Therefore, in addition to the previous four equations, there are six additional ones.
_ CRR, 5)
R, +R,
i = ‘/emf2+‘/emf3 (6)
° R, +R,
V. f,2 V. f,3 —t/
l' t — emf,. _ emi,. e T (7)
(0 e
(R /R Vs = Vs
i(t)=i + emf, emf, eft/z 8
(1)=4, { LR ®)
(Ry/R)WVois =V |
i (t)=i, + etz | gotle 9)
(0)=1, { R, +R,
RV _ . —-RV
AVC (t) __3 emf,2 2 " emf,3 (l_eft/z) (10)

R, +R,
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26.71.

CALCULATE: R =40.0Q+1.00Q=41.0Q, R, =20.0Q+1.00Q2=21.0Q

-1

(30.0 4F)(41.0 Q)(21.0 Q)

= =(4.16613-10" s)_l =2400.31 s
41.0 Q+21.0 Q
V. V.
i _B00V+80.0V _ ) sopeas161 A, —emiz Jemia 8OOV BOOV _ ) eie304507 A
41.0Q+21.0Q R, R, 410Q 210Q
R,/R)V, -V 21.0 Q/41.0 Q)80.0 V-80.0 V
( 3 2) emf,2 emf,3 =( ) =—06294256A
R, +R, 21.0 Q+41.0 Q
(R IRV =V (41.0Q/21.0 Q)80.0 V-80.0 V
' 2 = =1.228878648 A
R, +R, 21.0 Q+41.0 Q
RV, ., —-RV, .. 21.0Q(80.0V)-41.0(80.0V)

=-25.8069516 V

R, +R, 21.0 Q+41.0 Q
ROUND: The initial four equations, rounded to three significant figures are:

7(2400 s")t

(1) 79.98 V +(0.03 V)e ~80.0 V=0, (2) 80.0 V —[79.98 v +(0.011v)e ) } =0,

(3) 159.96 V +(0.041 V)e ™' 1600 V=0 and

—(2400 5! )t —(2400 5! )t —(2400 5! )t

(-0.629 A)e =(-1.86 A)e +(1.23 A)e
DOUBLE-CHECK: The initial four equations within rounding are still valid, so the values of the
coefficients are correct. Checking i, (0) and i, (0) using equations (8) and (9) gives:

Vitr + Vit + B, (Voo /R, =V, /R) Vo (14R/R) V.

i (0)= emf,2 emf,3 3 e e — emf,2 — emf,2 d
i(0) R, +R, R,(1+R,/R,) R, o
£ (0)= Vs * AV, =Ry (Veio /Ry = Vs IR,) Vs (14 R/ Ry) Vi
’ R, +R, R,(1+R,/R) R, ~
These results satisfy i, (0) =i, (0)—1’3 (0) = (Vm2 / Rz)—(Vemﬂ ! R3). Also, consider that initially the V__,

battery “sees” only R, first (likewise for battery V.

me; and R,), so the initial current is simply V,
(or V,

/R,

mf,2

ni3 | Ry), so the equations for the currents make sense.

THINK: The capacitor of capacitance is C =10.0 uF, is charged through a resistor of resistance
R=10.0 Q, with a battery, V, . =10.0 V. It is discharged through a resistor, R’=1.00 Q. For either

charging or discharging, it takes the same number of time constants to get to half of the maximum value.
The energy on the capacitor is proportional to the square of the charge.

SKETCH:

R

mf

RESEARCH: The capacitor’s charge is given by q(t):q()(l—e’”’). In general, the energy on the

capacitor is given by E(t) =q (t) /2C. The time constant is either z=RC or 7'=R'C.
SIMPLIFY:

(a) When q(t)=q0/2, then: q(t)z%qo :qo(l—e””) = %:1_6*”7 = t:—rln(éjzrlnl
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Chapter 26: Direct Current Circuits

1
2C 2C 420 4 ™

(c) The time constant for discharging is 7' =R'C.

(b) If q(t):%qo, the energy is: E(t)= () = (4,/2) = 1(% J:

(d) The capacitor discharges to half the original charge in ¢ = r'ln(z).
CALCULATE:

(a) t=7In2.00, or (0.693)7

(b) 1.00:4.00.

() 7'=(1.00 Q)(10F0 1P:6 ps

(d) £=(10.0us)In(2.00)=6.93 ps

ROUND:

(a) 0.6937

(b) 1.00:4.00.

(¢) 7'=10.0us

(d) t=6.93 s

DOUBLE-CHECK: In general, charge decreases exponentially as q(t):qoe’t

It

. For 7'=10ps and
t=6.93 ps, the chargeis q(6.93 ps)=q,e **"° =0.497q,, which is about half the original charge.

THINK: From Kirchhoff’s rules, an equation can be obtained for the sum of the three currents, i, i, and
i,, and two equations can be obtained for the two inner loops of the circuit. This will yield 3 equations for
3 unknowns (the currents) and can be solved by simple substitution. Once the currents are known, the
voltage drop over resistor 2 is found via Ohm’s law. R =3.00Q, R, =2.00 Q, R, =5.00Q, V_ . =10.0V
and V__ =6.00V.

emf,2

SKETCH:

_|"_‘_~

emf,2
RESEARCH: By the choice of directions of currents, at point A, the currents sum as i, —i, —i, =0. Going
-i,R, =0 and

=0. Potential drop across resistor 2 is AV =i,R,. The power across the third resistor is

clockwise in the wupper and lower loops gives 2 equations: —iR +V, .
i,R,—i,R, +V.

emf,2

P=i:R,.
SIMPLIFY: From equation of currents: i =i,+i, = i,=i —i,. From the upper loop:
Vs —isRy =i, R = i =(V, /R )= (i,R, /R,). From the lower loop:

V.

emf,2

+i,R, =i,R, = i,=(V,;,/R,)+(i,R, /R,). Therefore,
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-1
\% V. 1 1 1
- iS — emf,1 _ emf,2 4=
R1R3 R2R3 R3 Rl RZ
CALCULATE:

100V 6.00 V 1 1 1
(a) iy= - + +
(3.00 Q)(5.00 Q) (2.00 Q)(5.00 Q) |\5.00Q 3.00Q 2.00Q

(b) P=(0.06452 A)"(5.00 ©2)=0.02081 W

ROUND:

(a) i=64.5mA

(b) P=20.8 mW

DOUBLE-CHECK: Going back to equation for i, and i,, the currents can be calculated as i, =3.2258 A

and i, =3.1613 A. Their difference is i, —i, =0.0045 A, which is also i,; therefore, the current is correct

-1
) =0.06452 A

and it makes sense.

iy, iy
i, and i, and two equations can be obtained for the two inner loops of the circuit. Since the voltage drop
across resistor 3 is zero, the current through that branch is also zero. Ohm’s law allows an equation for the
ratios of the resistors. Once R, is known, the current through it is obtained by equation the potential

R =8.00Q, R,=2.00Q, R,=6.00Q and

THINK: From Kirchhoff’s rules, an equation can be obtained for the sum of the five currents, i,

drop across both R and R, is equal to the emf voltage.
V. =150V,

emf

SKETCH:

_.-';.4 —i\-_;"R
A VVA—A
R R

[

| I
Vn:mf
RESEARCH: By the choice of directions of currents, two equations arise i, =i, +i, and i, =i, +i,. Since
the current through R, is zero, AV, =i,R, =0. Then, two sets of potential drops are equal: i R, =i,R, and
i,R, =i.R,. The potential across R, and R, is V_ =i R +i,R,.

SIMPLIFY: Since i, is zero, the current becomes i, =i, and i, =i,. Dividing the potential drops across
each resistors yields

?1R1 — 114R4 &Z& = R = RR, )
12R2 lSRS R2 R5 R4
The current through itis i, =i =i; therefore, V, . =i (R1 +R2) =i =V_; /(R1 +R, )
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(8.00 ©)(6.00 Q) 150V

=240Q, i, =i =——————
2.00 Q 8.00 Q+240 Q
ROUND: R,=240Q, i, =469 mA

CALCULATE: R, =

=0.46875 A

DOUBLE-CHECK: Solving for i, =i, =V, /(R,+R )=1.875A for a total current of i  =2.34375 A

emp

coming out of the battery. Since there is no current in R,, the circuit is just R and R, in parallel with

R, and R; to gives R, :[ll(R1 +R2)+1/(R4 +R, )Tl , and produces a current of
i=AV, /R, =234375=i, so it makes sense.

emp

THINK: From Kirchhoff’s rules, equations can be obtained for the sum of the five currents, i,, i,, i,, i,
and i,, and three equations for the three inner loops of the circuit. This will yield 5 equations and 4
unknowns (the currents) and can be solved by simple substitution. R =1.00Q, R, =2.00 Q,
R,=3.00Q, R,=4.00Q, R, =500Q, V, ~6.00 V.

SKETCH:

=120V and V

emf,2

';1 RI
Y

emf,] -

3

B

RESEARCH: By the choice of directions of currents, at point A, i, —i, —i, —i, =0, and at point B,

iy+i,—i;=0. By going clockwise in each loop vyields 3 equations: V,

emf,1

—iR —i,R, =0,
-i,R, -V, ., —i,R, =0 and —i, R, +V, ., —i.R +i,R, =0. Potential drop across resistor 2 is AV =i,R,.
The power across the third resistor is P =i:R,.

SIMPLIFY:
(a) Using the equation i =i, +i,,the other 4 can be simplified to: 1) i —i,—i,—i,=0; 2)
Ri, +Rji, =V, .5 3) —Ri, +R,i, =V, .5 4) Ri,—Rji, +(R,+R )i, =V, .
(b) Since the resistance are in () and all voltages are in V, the equations can be rewritten for simplicity
with only the magnitude of the values, knowing that the final currents are in A, which yields: 1)
i —i,—i,—i, =05 2) i, +3i, =12.05 3) —2i, +4i, =6.00; 4) 5i, —3i, +9i, =6.00.
(2)—(1):i, +4i, +i, =12.0=(24)
2(24)+(3) : 8i,+6i,=30.0=(3A)
—5(24)+(4) : —23i, +4i, =—54.0=(4A)
(23/8)(2A)+(4A) : (85.0/4)i, =32.25=(4B).
Therefore, (4B) = i, =129/85.0, (3A) = i,=(30.0—6I,)/8=222/85.0,
(24) = i,=12.0-4i,—i, =3.00/85.0, and (1) = i =i, +i, +i, =354/85.0.

129

CALCULATE: i, :ﬁ A=15176 A

ROUND: i, =1.52 A

DOUBLE-CHECK: If these currents are used to calculate the potential drop from A — B, you get

—i,R, +i R, =0.071V, —i,R, +AV,=0.071V, and —i,R, =0.071V, so the potential drops are all the
same, so it makes sense.
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THINK: Consider any square on the grid to have been reduced so that every side has a capacitance, C',
which is the equivalent of all the capacitors above, below and along each side. Since the grid is infinite,
then no side has more capacitors than any other, so all four are reduced to the same capacitance. Next,
consider the same analysis except for only three sides, so that one side is still of capacitance, C, while the
others are C'. When those four sides are reduced to one equivalent capacitance, the result should be equal
to the original value of C'. This is because the grid is infinite and adding an extra square to the already
reduced side should affect nothing, resulting in the same capacitance, giving a recursive relation in C, and
thus the total equivalent capacitance, in terms of C, can be determined.

SKETCH:

(G
C B.J
o I C
C— C== C=F ¢ =C
A o g

T |:|:||:|:|1:_c I_—l—
""" t —| 1 L - C ¢’ = G

2t

RESEARCH: Capacitors in series add as C; =C;" +C,". Capacitors in paralleladd as C,, =C, +C
SIMPLIFY: When all four sides are reduced to C’, the equivalent capacitance (across A to B) is:

1 1 1Y) 4C
C"'=C+|—+—+—| =—.
c c 3

Looking at when one side is reduced using the other three reduced gives C, as:
1 1 1)’ C

C,=C+| =+—=+—| =C+—.

c c c 3

' 2 3
Since C,=C": C'=C +% =C =§C' and C'= EC. Therefore, the total equivalent capacitance is:

C"=£=é(§Cj:iC=2C.
3 312 2

CALCULATE: Not applicable.

ROUND: Not applicable.

DOUBLE-CHECK: Consider an intersection on the grid. If a voltage was applied to this point, it
would see equal capacitance (since it is infinite) in all four directions, meaning it would
contribute an equal charge, ¢, to each direction. If the same voltage with opposite polarity was
applied to any adjacent intersection, it would see a —gq along each direction. This means the
capacitor that joins the two intersections is actually double the charge on one, meaning the
potential sees an effective capacitance twice the size of any one capacitor, so an equivalent

capacitance of 2C is correct. C,=C+C'/3 = C'= (3 / 2)C. Therefore the total equivalent capacitance is
C"=(4/3)C'=(4/3)(3/2)C=2C.
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Multi-Version Exercises

26.76.

26.77.

26.78.

26.79.

26.80.

26.81.

26.82.

Exercises 26.76-26.78 Using Kirchhoff’s Loop Rule we get—iR, =V, +V,_ =0. So the required battery
charger emfis V, =iR + V..

V,=iR +V, =(9.759 A)(0.1373 Q) +11.45 V =12.79 V

The potential difference across the terminals during charging is equal to the charger emf, 14.51 V. To find
the open-circuit potential difference across the terminals, with the charger removed and no voltage drop
due to internal resistance, use V, =iR, + V..

V, =V, —iR =14.51V —(5.399 A)(0.1415 Q) =13.75 V

V.=iR +V,
V.-V, 1693V -16.05V

i 6.041 A
Note that by the subtraction rule, the difference of the two voltages has only two significant figures.

R = =0.150Q

Exercises 26.79-26.81 Kirchhoff’s Loop Rule gives us
Vewes —AV, AV, =V, =V ¢ —iR —iR, =V _ ., =0.

el emf,1 emf,2

We can rearrange this equation to get
Vemes = i(Rl +R, ) ~Vemsa =0
_ ‘/emf,l - ‘/emf,Z

R +R,

Vewz _ 21.01V—-10.75V

R +R,  2337Q+11.61Q

_ ‘/emf,l B

=0.2933 A

_ ‘/emf,l B

Vv

emf,2
R, +R,

g < Vents ~Vewsz 1637 V—-1081V

2 . 1

i 0.1600 A

—24.65 2=10.10 Q.

_ ‘/emf,l -

v

emf,2

R, +R,
i(R1 +R2):Vmﬁ1 -V

el emf,2

Vents = Vaner —i(R +R, ) =17.75 V —(0.1740 A)(25.95 Q+13.59 Q)=10.87 V

el S

Exercises 26.82-26.84 When the resistor is connected to the charged capacitor, the initial current i,

will be given by V, . =i)R = i, =—=C The time constant is 7 = RC. The current after time ¢ is
Vo -
i= ioe—t/r — emf e f/(RC).
R

Ve ot1(RC) _ 131.1V ~(3s715)/((s165 Q)(1519:10” F)|

e =0.1407 A
R 616.5 Q

1111



Bauer/Westfall: University Physics, 2E

26.83. i Vemt piliC)

R _ o)

iR
| =-t/(RC
n(‘/emfj ( )

t 1.743
C= - S —0.01749 F=17.49 mF

Rln(\ij (655'19)111[(0.1745 A)(655.1§2)j

133.1V

2684, i=Yent g )
R

(6:615 5)/((693.5 2)(1979:107 F))

\%4

e = iR =(0.1203 A)(693.5 Q)e =135.1V
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Chapter 27: Magnetism

Concept Checks

27.1. a 27.2.a 27.3.c 27.4.a 27.5.a

Multiple-Choice Questions

27.1.b 27.2.¢c 27.3.¢ 27.4.b 27.5.a 27.6.a 27.7.a,c,d,e are true; b is false 27.8.b 27.9.¢ 27.10.d 27.11.d
27.12.d

Conceptual Questions

27.13.  (a)
vi B B
qd) F=-|Fx
(b)
't B o %
qé F=+FR
(c)
v .
e F=+|F#
F
(d)
B outof page _
® 0 0 6 F=+Fz
OBNOJNORIO;
@ e e 0O
(OBNOC OO

27.14.  Zero. The force acting on a charged particle in a magnetic field is F =g¥ x B. By definition of the cross-
product (and confirmed by experiment), this force is always perpendicular to the velocity of the particle at
any point in the magnetic field. Thus, the work done by the magnetic field on the charged particle is zero.
The effect of this force on the particle is that it changes the direction of the particle’s velocity, but not its
magnitude. Hence, the uniform circular motion the particle has in the magnetic field (the cyclotron
motion).

27.15. A = Parabolic (electric field). B = Circular (magnetic field). The forces acting on a charged particle under

either an electric field or a magnetic field is F =gE or F =gV x B, respectively.
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27.16.

27.17.

27.18.

27.19.

27.20.

Chapter 27: Magnetism

T

+y
+x

v
(a) The direction of the force acting on a charge moving in a magnetic field is given by the right-hand rule.
If the fingers point in the direction of ¥, then to produce a force in the negative x-direction, the magnetic
field has to act out of the page, in positive z-direction.

(b) Yes, it does change. For the negatively charged electron, the field must point into the page, in negative
z-direction. The direction of the force depends on the charge.

A magnetic potential is used to represent magnetic fields in regions of zero current density in some
applications, but the construction is not as useful as its electrical counterpart. This is because the electric
potential represents a potential energy (per unit charge), which is part of a conserved total energy. It keeps
track of the work done by the electric field on a charge moving in that field, and can thus be used to
analyze the dynamics of charged particles. But the magnetic field never does any work on a charged
particle, as the magnetic force is perpendicular to the particle’s velocity. There is no work for a magnetic
scalar potential energy to track. It represents no contribution to a conserved total energy, and hence, does
not enter into any dynamics. It is more useful in advanced treatments of electromagnetic theory to

represent the magnetic field as the curl of a vector potential: B=V x A, for a suitable vector field, A.

This is possible if the direction of the current is parallel or anti-parallel to that of the magnetic field. In
such a case, dF =idLx B =0.

Yes, it is possible. In order for this to work, the force due to the electric field, F=gE, has to be
perpendicular to the velocity vector at all times. One way to achieve this is to have the electric field from a
point particle, say a proton, for which the electric field points in radial outwards direction. An electron
with suitable initial velocity can then make circular orbits around the proton. For these the speed does not
change. If the electric field is replaced with a uniform magnetic field, the speed of a charged particle never
changes. Note that in both cases described here, only the speed is constant, but the direction of the velocity
vector changes. (In the case that the initial velocity vector is parallel or anti-parallel to the magnetic field
even the direction stays constant.)

The charged particle will move in a helix around the magnetic field lines. Its motion in the z-direction is
unaffected by the magnetic field, and therefore the time required involves determining the component of
the initial velocity in the z-direction, which is simply v multiplied by the cosine of the angle. Thus, the time

. Az Az . . o
required is At =—= ,where Az is the extent of the region along the z-direction.
+z

v, Vv COS

+x

B

vV

veos

A
[l
[
[
'
'
[
I
I
1
I
[
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27.21.

27.22.

27.23.

o

F=-evx B
@
].

S

The magnetic force acts in a direction perpendicular to both the velocity and magnetic fields. Since these
are both in the horizontal plane, the force acts into or out of the page. The right-hand rule shows that a
positive charge experiences a net force outwards. Thus, for the negatively charged electron, the force is
directed inwards.

Recall that a velocity selector works with perpendicular magnetic and electric fields. At the Earth’s surface,
there is an approximately perpendicular relation between the electric and magnetic fields. Thus, on a line
perpendicular to E and B, charged particles will travel without deflection if they have the correct velocity.
This velocity has a magnitude E/B. It is known that the Earth’s magnetic field is approximately 0.3 gauss or
3-107° T. Therefore, the value of E/B at the Earth’s surface is of the order:
150 N

3.10° T
When pointed west, magnetically speaking the beam would be un-deflected. Once you are facing West,
North is on your right.

=5-10° m/s.
N

®._
W E E (into page)

Sl

S

A cyclotron has both electric and magnetic fields. It is the alternating electric field which does the work to
increase the particle’s kinetic energy. Although the magnetic field does not do any work (it does not
change the particle’s kinetic energy), it nevertheless plays an important role in keeping the particle in a
circular orbit. As the electric field accelerates the particle, the radius of the circular orbit increases so that
the particle follows a spiral trajectory. The alternating electric field and the static uniform magnetic are
crucial for the operation of the cyclotron as a particle accelerator.

Exercises

27.24.

o v =4.0x10°m/s

+x — ¥
B =040Tx
F,=qvxB, F,= |q|vB sind, 8=90° and g =e, so, F, =evB. Inserting the values gives:

F, =(1.602-10™ C)(4.00-10° m/s)(0.400 T)=2.563-10"* N ~2.56-10™ N.
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27.25.

27.26.

27.27.

Chapter 27: Magnetism

F,=qvxB, FB:|q|vBsin9, 0=90°, g=—2¢ = |F,|=F, =+2evB=

-18
_ B _ 3.00-10 ' N =9.363-10° T~9.36-10" T.
2ev 2(1.602-10’19 c)1.00-105 m/s

THINK: The particle moves in a straight line at constant speed. Thus, the net force must be zero. The
electric force is the negative of the magnetic force. Using the right-hand rule, the direction of the magnetic
field can be determined. For the magnitude, set the magnitude of the net force to zero. q=10.0 uC,
v= 300. m/s and E = 100. V/m.

SKETCH:

(a) (b)

[72)
[y
=
]
=
(]
o
=<

K

—
T
+
<
X
e~T)

SN —
1]
=)
<l
X
=
Il

|
T

(b) ¥xB=—-E; = (vz‘xé)=—E2

There is no solution. zx B is either zero, or a vector in the xy-plane.

CALCULATE:
(a) |B|= _100.V/m 103333 Ty s0 B =—0.333% T.
300.m/s 3

(b) No solution. No magnetic field will keep the particle moving at a constant speed in a straight line.
ROUND:

(a) B=-0333% T

(b) Not applicable.

DOUBLE-CHECK: No Lorenz force can counteract an electric force in z-direction, if the particle is also
traveling in z-direction, because the Lorenz force is always perpendicular to the velocity vector.

THINK: First determine the components of the force. Once the components are determined, the
magnitude and the direction of the force can be found. g =20.0uC, v = 50.0 m/s, B, =0.700 T and
B, =0.300 T.

SKETCH:
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RESEARCH: F=gVxB, £xj =2, yx
SIMPLIFY: 1_5zqvfcx(BZ2+By)7):qv(szx2+B fcxﬁ):qv(—Bzﬁ +B z):Fy)? +Fz

I
Il
®
IS
X
x
Il
=
1
X
ool
1l
|
ool
X
b S

|F|=\[F+E* =qv,[B}+B

ta

F

|,

0=tan { ] =tan’ [M] =tan”' (B_yJ
| B, B,

CALCULATE: |F|=(20.0-10° C)(50.0 m/s)y/(0.700 T) +(0.300 T)' =7.616-10" N

@ =tan™’ 0.300 T =23.20°
0.700 T

ROUND: |F | =7.62-10"" N and the direction of the force is in the yz-plane, §=23.2° above the negative

E

z

N+

y-axis.
DOUBLE-CHECK: These results are reasonable. The Right Hand Rule dictates that the direction of the
magnetic force be in the -y, +z-plane.

27.28. THINK: The only force acting on the particle is the magnetic force. The components of this force can be
determined, and then the points where all the components vanish can be determined

: %

ny

R — —

RESEARCH: F=gixB=0,kx})=2,yx2=% 2xx=%, AxB=—BxA
SIMPLIFY:
F=0=qv,xx [(x —az)yx(xy— b)é} =qv, [(x —az)(xxy)+(xy—b)(xx z):l
=qv, [(x—az)é +(b—xy)j/] =0
= x-az=0 = x=az.
= b-xy=0 = xy=b.
The magnetic field will exert no force on the electron at all points satisfying the two equations, x =az and
xy =b. The locus of these points in three dimensions is represented by the thick black line in the following
figure.
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27.29.

27.30.

Chapter 27: Magnetism

1.5

z(1/a)

y(b)
2
0.5
1
0'% 0
: 0.5
x 1.0

1.5

CALCULATE: Not necessary.
ROUND: Not necessary.
DOUBLE-CHECK: For the given field, the results are correct. We can check to see if the magnetic field in
this problem is physical. The fundamental equations, which govern the behavior of all electric and
magnetic fields are called Maxwell’s equations, named after James Clerk Maxwell, who first unified them.
One of these equations states that:
0B, , OB, . OB,

x+—=y+—=z=0.
Ox Oy 0z

V.5

This equation is satisfied by the given B field so the specified field can exist. Interestingly, V-B=0 exists
because as far as is now known, magnetic monopoles do not exist, only magnetic dipoles. This is in
contrast to electric fields where monopoles (isolated positive and negative charges) do exist.

AK =AU

1 /2
K=eV = —mv?t=eV = v= e_V

2 m
2(1.67-107% kg )(400. V
porv_m 2V _1 ]2mV _ 1 ( [ )=1.44-10‘2 T.
er ee\'m r\ e  0200m 1.602-107"° C

E +y
+x
0

5‘20.0400 T=B, |17|=4.00-105 m/s=v, v, =vsind=v, (perpendicularto B),

6=35.0°

v, = vcos® =v, (parallel to B).

9.11-107" kg)(4.00-10° m/s)(sin35.0°
(a) r="01t =( sl mis)(sin35.0°) ~3.262-10° m
la|B (1.602:10™ C)(0.0400 T)
(b) The time it takes to travel 27 radians around the circle is:
27r Zﬁ(mvlJ 2mm
t=""= ==
la[B ) alB

Vi Vi
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During this time it is moving forward with speed v, and will move a distance, d, given by:
v27m  2zmvcosd 27(9.11-10°" kg)(4.00-10° m/s)cos35.0°

= = =2.926-10"" m.
la|B |g| B (1602107 C)(0.0400 T) "

d=vt=

ROUND:
a)r=3.26-10" m.
b)d=2.93-10" m.

27.31. By Newton’s second law, the quantity dp/dt is equal to the net force on the particle, exerted by the electric
and magnetic fields. By the Work Energy Theorem, the quantity dK/dt is the rate at which work is done on
the particle by the electric field. The magnetic force is always perpendicular to the particle’s velocity and
does no work. Hence, these quantities can be written:

dp -\ dK
i q(E VX B), s qE«v.

Slightly modified, these relationships can be put into a form that transforms simply from one reference

frame to another according to Einstein’s Special Theory of Relativity (see Chapter 35). They can be used to

show that in a world governed by Einsteinian dynamics, the simplest force law that can be written is the
combined electromagnetic force law above.

my  1.88:107 kg(3.00-10° m/s)

== =7.04-10" m =7.04
lgfB 1.602:10™ C(0.500T) " mm

27.32.

27.33.

(4]
m,c-

The net force is directed toward the center of the circle. From the right-hand rule, a positive charge
requires the magnetic field to be oriented into the plane, in the negative z-direction. Since an electron is
negatively charged, it can be concluded that the field points out of the page, along the positive z-direction.
The magnitude is given by:

B mo (911107 kg)(1.20-107 s
a):@ = B=—7+=

m la| 1.602-10™" C

2734, r=1" K:lmv2 = V:\/E: rzﬁ[\/ij:—m
laB 2 m la|B\N'm | |q|B

The mass, charge and fields are the same for the two particles

n_\2Km IqIB _ [400-10% eV _
no laB (2K,m 2.00-10° eV

So, the 400 eV particle travels in an orbit of radius 1.41 times that of the radius of the 200 eV particle.

=6.824T = B=6.822T.

27.35. THINK: The proton moves through a magnetic field. The component of the velocity parallel to the field is
unchanged. The component perpendicular, however, will create a circular motion. The velocity of the

proton is v =(1.00x +2.00y +3.00z)10° m/s and the field is B=0.500Z T.
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SKETCH:

x

RESEARCH: The radius of the circular motion in a magnetic field is:

mv
r=—.
la|B

SIMPLIFY: The speed in the xy-plane is v,, =,/v; +v;. The radius of the circle is: r = % VetV
q

—27
CALCULATE: r=__ 10726:107" kg \/(1.00-105 m/s)2+(2.00~105 m/s)z —4.6688-10° m
(1.6022:10™ C)(0.50 T)

v, =\/(1.00-105 m/s) +(2.00-10° m/s)” =2.23607-10° m/s
ROUND: The values are given to two significant figures. The proton will follow a helical path with a

velocity of 3.00-10° m/s along the z-axis, with the circular motion in the xy-plane having a speed of

2.24-10° m/s and a radius of 4.67 mm.
DOUBLE-CHECK: The angular velocity is on the same order of magnitude as the original velocity.
Dimensional analysis confirms the units are correct.

27.36. THINK: The copper sphere accelerates in the region of the electric field, and gains an amount of kinetic
energy equal to the potential difference times the charge on the sphere. At this speed, the sphere enters the

magnetic field, which curves its path. The sphere has a mass of m=3.00-10"° kg and a charge of
5.00-10"" C. The potential difference is V = 7000. V, and the magnetic field is B = 4.00 T, perpendicular to
the direction of the particle’s initial velocity.

SKETCH:
7000. V

RESEARCH: The kinetic energy will be KE=mv’/2=PE=qV. The radius of the path in the magnetic
fieldis r =mv / gB.

SIMPLIFY: The velocity is v’ =2qV /m or v =/2qV / m. The radius is then:
r—ﬂ—ﬂ /2qV _l 2mV
qB gqB\ m B q '
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27.37.

27.38.

1 [2(3.00-10 kg)(7000. V)
CALCULATE: r= a

4.00T 5.00-10™ C
ROUND: The least precise values have three significant figures, so the radius of the copper’s path in the
magnetic field is 2.29 m.
DOUBLE-CHECK: The very large potential difference accelerates the sphere to a high speed, therefore a

large radius of curvature is reasonable.

=2.29129 m

THINK: The particles will move in circular, clockwise paths (in the direction of ¥xB) within the
magnetic field. The radius of curvature of the path is proportional to the mass of the particle, and inversely
proportional to the charge of the particle. Both particles move at the same speed within the same magnetic
field. The radii, charges and masses of the particles can then be compared.

SKETCH:

m,q O

m,2q @

RESEARCH: The radius is related to the mass and charge of the particles by r=mv/ |q|B. At the instant

that the particles enter the magnetic field, the magnetic force acting on them is F, =qiix B. For the
particles to travel in a straight line, the force on the particles due to the electric field must oppose the force
due to the magnetic field: F, =—F, = qE =—qVxB.

SIMPLIFY: Since the velocity and the magnetic field is the same for both particles, %: 0 D rpe

m,  m,
ratio of the masses is:
m _nq, __ Rq

2 quZ 2R (Zq)

1
m 4
For the particles to travel in a straight line,
qE =—-qv x B=—qvB(%x £)=—qvB(-})
E =vBj.
Therefore, the electric field must have magnitude E =vB and point in the positive y-direction in order for
the particles to move in a straight line.
CALCULATE: Not applicable.
ROUND: Not applicable.
DOUBLE CHECK: Since the mass increases with radius and charge, it makes sense that the particle with
the smaller charge and radius has the smaller mass.

THINK: The question goes through the elements of a mass spectrometer. A source of gold and
molybdenum emits singly ionized atoms at various velocities toward the velocity filter. The velocity filter

described in the diagram uses a magnetic field, B,, and an electric field E to select the velocity of the
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exiting particles. It can be shown that the velocity of the ions must be v=B,/E. If the velocities are
smaller, the force due to the electric field will dominate pushing the particles off the path through the filter.
If the velocity is greater than B, /E then the force due to the magnetic field dominates and will also push

the ion off its path. The particles exit the filter with the selected velocity and enter the mass spectrometer.
The magnetic field inside the mass spectrometer curves the path of the entering particles based on their
mass and charge. Thus, particles of different charges and masses can be separated. The gold and
molybdenum have beams in the mass spectrometer with diameters of d, =40.00 cm and d, =19.81 cm,

respectively. The mass of the gold ion is myy, =3.271-10"> kg. Both ion types have charges of
g=e=1.602-10" C. The electric and magnetic field within the velocity filter are E=1.789-10* V/m
and B, =1.000z T, respectively.

SKETCH:
Sourc Velocity Filter
Source | OO0
[ Jolu ] eleleele
00 @000 G‘@‘
‘.oo.: elojelelele
0 o] (0] 0] (0] (0] 'O
| [o] (0] (o] (o] [o] [o
A E B
.1:
z 5
RESEARCH:
(a)

(b) For the ions to pass through the velocity filter, the force due to the electric field must cancel the force
due to the magnetic field: F, =gE =qv,B. The forces due to an electric and magnetic field are given by
E, =qE and F; = g¥, x B, respectively.

(c) The radius of the ion’s path in a magnetic field is given by R=mv/ (|q| B).

(d) The mass of the molybdenum can be determined by setting the velocity, charge and magnetic field
equal to each other for each ion and comparing.

SIMPLIFY:

(b) The velocity of the exiting particle is then v, =E/B,. This velocity does not depend on any
parameters of the ions.

(c) The radius of the circular path is r =mv, / (|q|B2 )

(d) Yo _ Thur _ Mot Solving for the mass of the molybdenum gives: m,,, = Mo At
|q| BZ Mput Mo+ Tau+
CALCULATE:
1.789-10"
(b) v, = LT8O VI ) 2e0.10° mis
1.000 T
19.81 cm/2 - -
(d) my,, =————(3.271-10 kg)=1.6199-10* k
Mt 40.00 cm/2< 5) s
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27.39.

ROUND: The values are reported to four significant figures.

(b) The velocity filter allows particles traveling 1.789-10" m/s to exit the filter. This value does not
depend on the type of ion. It is based on the fact that the particle is charged and only depends on the fields.

(c) The equation for the radius of the semi-circular path is r =mv/ |q|B.

(d) The mass of the molybdenum ion is 1.620-10 kg.

DOUBLE-CHECK: The calculated velocity has appropriate units, and the actual mass of molybdenum is
about 1.64-10* kg. These facts help to support the answers as reasonable.

THINK: This question explores the function of an accelerator. The *He" ion source ejects particles into

region 1. The magnetic field in this region bends the path of the *He" particle into a semicircular path.
Particles then enter the 3™ region containing an electric field that accelerates the particles toward region 2.
In region 2, the path of the particles is bent into a semicircle again. This time the particles do not pass
through an electric field. The particle then enters region 1 again. The path is bent again and the particle

accelerates once more before it exits the accelerator. The *He" ions have a mass of m=5.02-10" kg and

a charge of g=e=1.60-10" C. The ions start with a kinetic energy of:

4.00-10° eV(1.60-10™ J)
1.00 eV

The magnetic field in region 1 is B, =1.00 T. In region 2, the magnetic field, B,, is unknown. The 3

region contains an electric field of E = 60.0 kV/m and has a length of I = 50.0 cm = 0.500 m. The distance

between the source and the aperture is d = 7.00 cm = 0.0700 m.

K =4.00 keV = =6.40-107¢ J.

SKETCH:
x * x x * x 4 * x 4
X x x X > x X
% X X ———1{710n source % X X X T
X > x x > x X
7.00 cm

Region 2, B, =? l

Region 1 E =60.0 kV/m
B =100T Region 3
< x I 50.0 cm ——]

RESEARCH: The kinetic energy is equal to KE =mv? /2. The radius of the path of a charged particle in

a magnetic field is r=mv / |q|B. The force on the particle in region 3 is F, =qE, which must equal

F = ma. With the acceleration of this region, the velocity at which it exits region 3 can be determined from:
v =v; +2ad.

SIMPLIFY: Let v, v, and v, be the velocity of the ion after it is ejected from the source, region 3 and

region 3 the second time, respectively. The velocity after the source is given by v =+2KE/m. The

acceleration of region 3 is ma = gE or a = qE/m. The velocity, v, is then v, =\/v} +2al = \/vj +2qEl/ m.

Similarly, the velocity, v,, is given by:

v, =v] +2al :\/vlz +2qEl/m :\/vg +2qEl/ m+2qEl I m :\/vg +4qEl/m.
The radius of the path, the first time the ion enters region 1 is R, =mv/gB,. The radius of the path in
region 2 is R, =mv, /gB,. The radius of the path the second time it goes through region 1 is
R, =mv, /qB,. For the particle to exit the aperture, a distance d = 7 cm from the ion source:
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2R, - 2R, +2R, =2(mv° I mvljzzﬂ("o v, _V_ljzd'
9B, 9B, 4B,

Solve for B, to determine the magnetic field required in region 2:

Vo TV, _V_lzﬂ = BZ(VO;'VIJ_VI :(ﬂj]gz

B, B, 2m . 2m
= B, votv, qd v = B, - v, _ 2mByv, .
B, 2m (vo+v,)/B,—(qd/2m) 2m(v,+v )—qdB,

Region 1 must have dimensions larger than R, =mv, /qB,. The velocity of the ions as they exit the

accelerator is v, =, [v_ +(4qu I m).

CALCULATE: v =

5m/s

=1472186 m/s

_J2(6.40-1016 J) 2(1.63’-10’” C)(60.0-10° V/m)(0.500 m)

-
5.02-1?)‘27 kg 5.02:107 kg
2(6.40110 ) 4(1.60-10™ C)(60.0-10° V/m)(0.500 m)

,= — — =2019822 m/s
5.02-107 kg 5.02-107 kg

5 2(5.02:10™ kg)(1.00 T)(1472186 m/s)

= =1.70866 T
2(5.02:10 kg)(504955 m/s +1472186 m/s)—(1.60-10" C)(0.0700 m)(1.00 T)

o, (5:02:1077 kg)(1472186 mis)
' gB (1.60-10™" C)(1.00 T)
ROUND: The values are reported to three significant figures.

(a) The magnetic field of region 2 is 1.71 T.
(b) The region must have dimensions greater than 4.62 cm.

=0.046190 m

x=R

(c) The velocity the ions leave the accelerator is 2.02-10° m/s.
DOUBLE-CHECK: Dimensional analysis confirms all the answers are in the correct units. These results

are reasonable.

27.40.  The force on a wire of length I and current iin a magnetic field B is given by F =1ixB =IliBsin@. The
magnitude of the magnetic field is:
F 0.500 N

“lisin (2,00 m)(240 AJsins0.0 208 TE208 mT

27.41.  The force on the wire is F_ =md=F, + Fg =il x B+mgy =iLB(—%x—£)+mgy =—iLBj +mgy. For the
conductor to stay at rest, a = 0 or mg = iLB. The suspended mass is then:
iLB  (20.0 A)(0.200 m)(1.00 T)
m=—-—=

=0.408 kg.
g (981 m/s?)
27.42.
Wire
e cast (@ Binto page
or north

Earth
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27.43.

For the wire to levitate, the force of the magnetic field must equal the force of gravity on the wire:
iLB=mg = pVg = prr’Lg.
The current required to levitate the wire is:
_prr'g (8940 kg/m”® ) (0.000500 m )’ (9.81 m/s* )

=1.38-10° A.
B (0.500 G)(0.0001 T/G)

THINK: First, the relationship between the current in the sheet and the magnetic field must be
established. The force on the sheet can then be determined. The sheet has length, L = 1.00 m, width, w =
0.500 m, and thickness, ¢ = 1.00 mm = 0.00100 m. The magnetic field, B = 5.00 T, is perpendicular to the
sheet and the current flowing through it. The current is i =3.00 A.

SKETCH:

+y

tz
RESEARCH: The force on a wire carrying current in a magnetic field is F =iL x B.
SIMPLIFY: Imagine that the sheet is constructed of many wires of length, L, carrying a charge dgq . The
infinitesimal force on the sheet due to the wire is dF =dqL x B. Since L is perpendicular to B, dF =dqLB.
The infinitesimal current is equal to the current density times the differential area, dq = jdA. The current
density is equal to the total current divided by the cross sectional area, j=i/A =i/wt. The infinitesimal

force is then dF =dqLB = jdALB =iLBdA / wt. Integrating over the area gives:
i w t 1 .
F :WLBJ‘O dx | dy =~ LBwt =iLB.
This is the same result as that for a wire.

CALCULATE: F=(3.00 A)(1.00 m)(5.00 T)=15.0 N

ROUND: The result is reported to two significant figures. The force on the sheet is 15.0 N. This is the
same as the force on a wire of the same length with the same current and magnetic field.
DOUBLE-CHECK: The force on the sheet is the same as the force on a wire. This is expected since only
the magnitude of the current matters in a wire (the size of the wire is not relevant).
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27.45.

Chapter 27: Magnetism

THINK: For the rod to remain stationary, the forces of the magnetic field and gravity along the plane of
the incline must cancel.

SKETCH:

B

Q9 Qi 2z
£

2

mgsinf

*

mg

RESEARCH: The force due to the magnetic field is |F,|=iL x B =iLB. Along the plane of the incline, the

forceis F, = F, cos@=iLBcos6. The force due to gravity along the surface of the incline is F, =mgsin6.

SIMPLIFY: Equating these forces gives the current:
iLBcos@ =mgsinf or i= ™% tane.
LB

The current must go out of the page in the side view of the system, by the right-hand rule.

CALCULATE: Not applicable.

ROUND: Not applicable.

DOUBLE CHECK: According to the derived expression, the strength of the current required to hold the
wire stationary decreases as the magnetic field increases, which is logical.

THINK: The loop will experience a torque in the presence of a magnetic field as discussed in the chapter.
The torque is also equal to the moment of inertia of the loop times its angular acceleration. The loop is
square with sides of length, d = 8.00 cm and current, i = 0.150 A. The wire has a diameter of 0.500 mm

(which corresponds to a radius of r = 0.250 mm) and a density of p =8960 kg/m’. The magnetic field is B

=1.00 T and points 35.0° away from the normal of the loop.
SKETCH:

A
i

7 B‘ -
s/ Al
s ’V / ('( i Fx

P
Fl

+“axis of rotation

RESEARCH: The torque on the loop is 7 =iABsin#. The moment of inertia for a rod about its center is
I=Md*/12. The moment of a rod about an axis along its length is I = pzr'L/4. The parallel axis

theorem states I ;. =I_+Md>.
SIMPLIFY: The moment of inertia of the loop is:

2 2
I :iMdz +iMd2 +[lpm’4d +M(ij :|+[lp;rr“d +M(ij }
12 12 4 2 4 2

1 1 1 1 1 1 4 1 2 1
=—Md’ +=prr'd+—Md’ =| —=+= |Md’ +=prr*d =—(pzar’d)d’ + = prr'd == prr’d’ + = prr'd.
6 2p 2 6 2 2p 6<p ) 2,0 3'0 2'0
The angular acceleration is 7 =Ia =iABsin@ or a =iABsinf/1.
id’Bsin6 iBsin®

= a= =
,1)7[1'2612(2(1/3+r2 /2d) ,0771’2(2(1/3+r2 /Zd)
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27.46.

CALCULATE:

0.150 A)(1.00 T)(sin35.0°
e ( ) )(sin35.0°) —916.94 rad/s’

(8960 kg/m® ) 7(0.000250 m)’ {[2(0.0800 m)/ 3}{(0.000250 m)’ /2(0.0800 m)]}

ROUND: The values are given to two significant figures, thus the loop experiences an initial angular

acceleration of & =917 rad/s’.
DOUBLE-CHECK: One Tesla represents a magnetic field of large magnitude, resulting in a
correspondingly large acceleration. This result is reasonable.

THINK: The rail-gun uses a magnetic force to accelerate a current carrying wire. The wire has a radius of
r=5.10-10" m and a density of p=8960 kg/m’. The current through the wire is 1.00-10* A and the

magnetic field is B = 2.00 T. The wire travels a distance of L = 1.00 m before being ejected.
SKETCH:

wire

-

1.00 m —— |

|

RESEARCH: The force on the wire is F =iLB. The velocity of the wire is given by v’ =v? +2ad.
SIMPLIFY: The wire accelerates at a rate of:
__F _ilB__iLB___iB

m m  prr’l  prrt

2iBL 2iBL
vi=2al = ! —orv= ! .
Yol 18 Yoluid

2(1.00-10" A)(2.00 T)(1.00 m)
CALCULATE: v= - =2337 m/s

(8960 kg/m’*)(5.10-10™ m)

The ejected velocity is:

ROUND: The velocity is reported to two significant figures, like the given values. The wire exits the rail-
gun at a speed of 2.34 km/s.

DOUBLE-CHECK: This result is very fast, about 7 times the speed of sound. This Navy has used this
technology to accelerate 7 Ib objects to this speed. As a comparison, this is double the speed of a bullet
from a conventional rifle. A bullet weighs 55 g.
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27.47.

27.48.

27.49.

27.50.

Chapter 27: Magnetism

THINK: Using integration, the force on each segment of the loop can be found. From this, the net force
can be found.
SKETCH:

Z

wire 4

et

te———  ——|

RESEARCH: In the differential limit, the magnetic force on current carrying wire in a magnetic field is:

dF, =idLxB.
SIMPLIFY: The force on wire 1 is:
F, =i j;jzd?c xB= l‘% Z dxx(zx +xz) = —l‘% Z; y = %[xz ]1_/12/2 =
The force on wire 2 is:
F,, = iﬁ;d}} x (2% + x2) :% jjz( 2z +xx)dy = li (—22 +xx) [yl/l/z li l( 22+ xX).
Along wire 2, x=1/2 and z=0, so
_ B c
B2 2q
Wire 3 is similar to wire 1, so F, , = F;, =0. The force on wire 4 is:
. . . 2
I:“B,4 =l‘% 1;:/2—dj/x(zfc+x2) zz xx [y]/l/z lBl 2z x}%)=% —(0)2+(l/2)3c}= llj;l X.

The net force is:

Fo_F +F, —D;

net B2 B,4 a N

CALCULATE: Not applicable.

ROUND: Not applicable.

DOUBLE CHECK: It is reasonable that the force is directly proportional to the magnetic field strength
B,, the side length [ of the loop, and the current i.

The loop experiences a torque of:
7= NiABsin0=20.0(2.00-10"* A)(0.0800 m)(0.0600 m)50.0-10"° T=9.60-10"" N'm.

By the right-hand rule, the torque is in the positive y-direction. To hold the loop steady, a torque of the
same magnitude must be applied in the negative y-direction.

The torque on the loop due to the magnetic field is 7=NiABsind =NiAB. This is equal to the applied
torque, 7 =rF. Equating the torques gives the magnetic field:
tFrF F 12N

=——=———=——= =0.1353358 T=0.135T.
NiA  Nizr*  Nizr 120.(0.490 A)7(0.0480 m)

The torque on the pencil is:

dY :
7=NiABsinf = Ni;z(zj Bsin6 =20(3.00 A);{O()Oé%j (5.00 T)sin60.0°=7.35-10" N m.
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27.51.

THINK: The loop feels a torque if it carries a current in the presence of a uniform magnetic field. The
maximum torque occurs when the magnetic moment of the loop is perpendicular to the magnetic field.
The loop has a radius of 7,,,, = 0.500 m, density of p = 8960 kg/m’, and the wire has a cross-sectional area

of A=1.00-10" m*. A potential difference of AV =0.0120V is applied to the wire. The loop is in a
magnetic field of B=0.250T.
SKETCH:

i

rlt'lt'lp

RESEARCH: The resistivity of the wire is given by py =16.78-10”° Q m. The current is found using

AV =iR. The magnetic moment of the loop is given by zi =iAn. The torque is equal to 7 = Ia, where I is

the moment of inertia of the loop about its diameter. The moment of inertia is given by I = Irz 1dm. The

torque due to the magnetic field is given by 7 = zix B.
SIMPLIFY: The mass of the loop is given by
2z
m= jdm = L (pArloode) =27p Aljgp-

The moment of inertia of one half of the loop is:

Ly = [rdm= J-_”;(noop c030) ( pAripypdf) = pAr, J:;(cos 0)d0 = pAr,, [gj = %ﬂpAniop-
The total inertial moment is twice this magnitude:

= 7Pty =it
The torque and thus the angular acceleration is maximized when the magnetic moment is perpendicular to
the magnetic field. The torque is then given by

Tmax =| % B = uBsin@ = B =iAB =iz, B.

The angular acceleration is:

Toax T r[%)opB 27iB
Opax = = = .
I 1 i m
2 loop
The current is:
i AV
.
The resistance of the wire making up the loop is
R= 27”’looppR )
A
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Chapter 27: Magnetism

CALCULATE: For this problem, it is instructive to calculate the various quantities separately and then
combine the intermediate results to get the maximum angular acceleration of the loop. The mass of the
loop is

M =27 At =277(8960 kg/m® )(1.00-107° m? )(0.500 m) = 0.2814867 kg.
The resistance of the wire making up the loop is

2r 27(0.500 m)(16.78-10° Q m
- oo _ ( A — ) =0.00527159 Q.
A 1.00-10° m

A 012
The current in the loop is i = AV = _ 00120V
R 0.00527159 Q
27iB  27(2.27635 A)(0.250 T)

m 0.2814867 kg

ROUND: The result is reported to three significant figures. The maximum angular acceleration is
o =12.7 rad/s®,

max

DOUBLE-CHECK: The mass of the loop, the current in the loop, and the resistance of the loop are
reasonable and all have the correct units.

=2.27635 A.

=12.702857 rad/s>.

The maximum angular acceleration is ¢, ,, =

B

The torque on the coil as a function of & is z':|ﬁ><]§|:yBsin(90°—9):yBcost9. The magnetic
moment of the coil is x4 =NiA. Assume the coil contributes little to the inertial moment of the
galvanometer. Assume the mass is distributed evenly through the rod. The torque on the rod due to
gravity is:

r=|?><13|:LFsin9:LMgsin9,
where r is the distance to the center of mass of the rod. Equating the two torques gives:

B iAB IAB
HBcos@ =LMgsin6 = tan@=HB _NIAB _p_ an| NAB
LMg LMg LMg
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27.53.

27.54.

27.55.

Assume the electron orbits the hydrogen with speed, v. The current of the electron going around its orbit
is:
q e ev _ ev

1=—= _E—_—

t _d/v_ d 27zr

. . e ev 1 .
The magnetic moment of the orbit is: yu=iA =izr’ = —2—(7er ) = —Eevr. Angular momentum is given
zr

by L = rp = rmv. Using the angular momentum, the moment is:

~ 1 . 1 (m) . ermv /2 el
H=——erV=——e| — |tV =— =——
2 2 \m m 2m

THINK: The magnetic field produces a torque on the coil. This stretches the spring until it creates a
torque equal but opposite to the torque due to the magnetic field. The ring has a diameter of d = 0.0800 m
and carries a current of i=1.00 A. The spring constant is k = 100. N/m and the magnetic field is

B=2.00T.
SKETCH:
i V— Axis of Rotation
iy
0l

"

+x

RESEARCH: The torque due to the spring is r=7xF. The torque due to the magnetic field is
7 =iABsind.

L . AL 2AL o
SIMPLIFY: The angle 6 is given by: smH:d—/z:T. The torque due to the spring is
r, =7 xF =dkALsin@/2. Equating this to the torque due to the magnetic field gives:
2iAB  2i(7d’/14)B izdp
dk dk 2k

dkALcos@/2=iABsin@ = AL =

(1.00 A)7(0.0800 m)(2.00 T)
2(100. N/m)

ROUND: The values are given to three significant figures, thus the extension is AL =2.51 mm.
DOUBLE-CHECK: This result is reasonable.

CALCULATE: AL= =0.002513274 m

THINK: The coil experiences a torque due to the magnetic field. The coil, however, is hinged along one of
its lengths. The torque then can be determined in the normal way. The force on each segment is calculated
to determine the torque on the coil. The coil has N = 40, a width of w = 16.0 cm, a height of h = 30.0 cm

and carries a current of 0.200 A. The magnetic field is B = (0.0650% +0.2502) T.
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27.57.

Chapter 27: Magnetism

SKETCH:

Axis of Rotation

4>

16.0 cm h=30.0cm

RESEARCH: The force on a length of wire carrying current in a magnetic field is F = Nil x B. The torque
is given by 7 =7 xF.

SIMPLIFY: The force on the segment a-b is F, =Nil & x[B % +B_Z|=NiwB_(%x2)=-NiwB_y. The
force on the segment b-c is:

F, =Nil, j x[ B % +B % |=Nih| B (§ x%)+B, (j x2) | =Nih[ B, (-2)+B, (%) | = Nih[-B,z +B,% |
The net force on the coil is zero since the magnetic field does no work. The coil is free to rotate about the
y-axis. The only force that can contribute is F, : 7=7xF =wx xF, =wx x Nih[Bzfc - Bj]: wNihB,_ y.
The door rotates counterclockwise when looking from the top.

CALCULATE: F, =—(40)(0.200 A)(0.160 m)(0.250 T)y =-0.320y N

F,. =(40)(0.200 A)(0.300 m [ (=0.0650 T)z +(0.250 T)x | =(~0.156z +0.600%) N = (0.600% —0.1562) N
7=(40)(0.200 A)(0.160 m)(0.300 m)(0.0650 T) y =0.02496y N m
ROUND:

(a) The force on segment a-bis F, =—0.320y N

(b) The force on segment b-c is F, = (0.6009% —0.1562) N or |Fbc
x-axis toward the negative z-axis.

(c) The total forceis F._. =0.

net

=0.620 N directed 14.6° from the

(d) The torque on the coil is |T| =0.0250 N m and rotates along the y-axis in counterclockwise fashion.

(e) The coil rotates in a counterclockwise fashion as seen from above.
DOUBLE-CHECK: This result is reasonable.

7=NiABsin6 =40(0.200 A)(0.160 m)(0.300 m), \/(0.0650 T) +(0.250 T)” sin(14.6°) =0.0250 N m

The Hall voltage is given by: AV, = I—Bh The carrier density of the electron sheet is:
ne

iB 10.0-107°(1.00 T)

— — _ . 24 3
" enav, (1.60-10™ C)(10.0-10° m)(0.680-10" V') A9 10T el

THINK: The question asks for the carrier density of the thin film, and the nature of the carriers. The film
has a thickness of h=1.50 um. The current is i = 12.3 mA and the voltage reads V = -20.1 mV. The
magnetic field is B = 0.900 T.

1131



Bauer/Westfall: University Physics, 2E

SKETCH:

+x

RESEARCH:
(a) Due to the magnetic force, the charge carriers are accumulated on the visible edge of the sample. Since
the polarity of the Hall potential is negative, the charge carriers are holes.
(b) The Hall voltage magnitude is given by AV}, = l—Bh
ne
SIMPLIFY:
iB

b) The charge carrier density is n= .
(b) g y heA V.

CALCULATE:

12.3-107(0.900 T) " ,
(b) n= =2.2919-10" holes/m
(1.50-10° m)(1.602-10™ C)(20.1-107 V)
ROUND:
(b) The values are given to three significant figures, so the carrier density of the film is
n=2.29-10"* holes/m’.
DOUBLE-CHECK: This is a reasonable value for a carrier density.

27.58.  The radius of the proton’s path is: r = :ﬂ(ﬂj _m| 2 :M. The radius of the path and
gB ¢qB\'T qB\1/ f qB
B
its frequency are: r :m_l;} and f= © respectively. In the cyclotron:
q

2m

B (1.67~10'27 kg)(2'998'108 m/s)/z =0.1736 m ~0.174
r= (160210719 C)(9OO T) =Vu. m~=0. m,

(1.602:10™ C)(9.00 T)
f= =1.374 MHz ~1.37 MHz.
27(1.67-107 kg)

In the Earth’s magnetic field:

(1.67-107 kg)(2.998-10° m/s)/2
r= =31.25 km ~31.3 km,
(1.602:10™ €)(0.500 G)(0.0001 T/G)

(1.602~10'19 C)(0.500-10‘4 T)
f= - =0.7634 kHz ~0.763 kHz.
27(1.67-107 kg)

27.59.  The force on the wire is:
F =iLxB =iLBsin6 =(3.41 A)(0.100 m)(0.220 T)sin(90.0°~10.0°) =0.07388 N ~7.39-10 N.
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27.60.

27.61.

27.62.

27.63.

Chapter 27: Magnetism

The radius of a charged particle’s path in a magnetic field is r =mv / |q|B. For this electron, the radius of
its path is:

~(9-109-107" kg )(6.00-107 m/s) e
e (1.602-10™ C)(0.500-107* T) m

The force on a current carrying wire in a magnetic field is F =ilBsind. To determine the minimum
current, set € =90°:
F 1.00 N

j=—= =232,558 A ~2.33-10° A.
IB 0.100 m(0.430-10*‘* T)

The minimum current required for the wire to experience a force of 1.0 N is i =2.33-10° A.

The torque on a current carrying coil in a magnetic field is:
7 =NiABsin8

=(100)(100.-10™* A)7(0.100 m )’ (0.0100 T)(sin30.0°)
=0.0015707 N m ~1.57-10° N m.

(a) The electron must travel in a circular path with a radius of 60.0 cm, as shown in the figure below.

p

60.0 cm

60.0 cm

By the right-hand rule, B must be in the negative z-direction.
L (9.11:107" kg)(2.00-10° my/s)
ar  (160-10"° C)(0.600 m)

(b) The magnetic force is perpendicular to the motion and does no work.
(c) Since the speed of an electron does not change, the time the electron takes to travel a quarter-circle is
given by:

=1.89-10°T

ar 3.14159(0.600 m)
2v 2(2.00-10° m/s)

=471-10"°s.
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27.64.

27.65.

THINK: First, determine the current using Ohm’s law and then determine the force on the wire.
SKETCH:

— ot —

Y

f

F
R | s

RESEARCH: Ohm’s law is V = iR. Use the values: V = 12.0 V, B=5.00 T, and R=3.00 Q. F=iLxB.In
this case, since the top and bottom part of the loop have currents traveling in opposite directions, their
forces will cancel. Only the right side of the loop will contribute to the force.

SIMPLIFY: F = ilB, to the right (from the right-hand rule), V =iR = i=V/R. Substitute the
expression for I into the expression for F to get: F=VIB/R.

CALCULATE: F=120V (1.00 m)(5.00 T)=20.0 N
3.00 Q

ROUND: F =20.0 N to the right.
DOUBLE-CHECK: The final expression makes sense since it is expected that if a larger voltage is applied,
a larger force is attained.

THINK: As the alpha particle enters the region of the magnetic field, its motion will be deflected into a
curved path. The radius of curvature is determined by the mass, charge, and initial velocity, and by the
strength of the field. All quantities are given except for the velocity. The particle’s velocity can be
determined by employing the law of conservation of energy. The period of revolution can be determined

from the particle’s radius of curvature and velocity. m, =6.64-107 kg, g, =+2e, B=0.340T, and
AV =2700 V.

SKETCH:
AV © ﬁ
1 o
I
R

RESEARCH: The radius of curvature is given by r=mv/|q|B. By conservation of kinetic energy,

1 2
|q|V = Emv2 . The period of revolution is given by T = =
v

1 29|V
SIMPLIFY: |q|V=—mv’ = v =1/ﬂ

2 m

(6.64:107 kg)(5.105-10° mJs)
CALCULATE: r= =0.03111 m

2|1.602-10’19 C|0.340 T

2‘2(1.602-10'19 c)‘zmo
v= =5.105-10° m/s

6.64-107 kg
27(0.03111 m)

©5.105-10° m/s
ROUND: Rounding to three significant figures, r =0.0311 m and T =3.83-10" s.

=3.829-107 s
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27.67.

27.68.

Chapter 27: Magnetism

DOUBLE CHECK: All calculated values have the correct units. The numerical values are appropriate to
the scale of the particle.

THINK: The electric field component and the vertical component must cancel each other.
SKETCH: Not necessary.

RESEARCH: It is required that ¥xB=-E = (VXB)-B:—E-B = 0=E+B (since for any vector,
(AXE)-B:O). But since E is not perpendicular to B, EsB#0. Note that E=-150.2 N/C and

B=(50.0y —20D2) This scenario cannot occur.

SIMPLIFY: Nothing to simplify.

CALCULATE: No calculations are necessary.

ROUND: There are no values to round.

DOUBLE-CHECK: No Lorenz force can counteract an electric force in z-direction, if the particle is also
traveling in z-direction, because the Lorenz force is always perpendicular to the velocity vector.

THINK: Determine the velocity in terms of the mass and see how this changes the answer.
SKETCH: Not necessary.

RESEARCH: v=gBr/m, B=0.150 T, r = 0.0500 m and m=6.64-10" kg.
SIMPLIFY: Itis not necessary to simplify.

(1.602:10™ €)(0.150 T)(0.0500 m )

CALCULATE: v= =1.809-10° m/s

6.64-107 kg
, 3 , gqBr 4 .
Note that for m'=—m, v'= =—v; the velocity increases by a factor of 4/3.
4 3m/4 3

ROUND: v=1.81-10° m/s
DOUBLE-CHECK: Since there is an inverse relationship between v and m, it makes sense that decreasing

m by a factor of 3/4 increases v by factor of (3/4) " =4/3.

THINK: First determine the radius of curvature and then determine the amount the electron deviates
over a distance of /=1.00 m. Use B=0.300 G as the Earth’s magnetic field. Convert the energy into Joules.

SKETCH:

X > Path of Electron

Ce——

The dashed line is the path of the electron.

r_ﬂ_L_VZmE

RESEARCH: Geometry gives d =r —r’ —1I*.
a8 qB 4B

, E=7500 eV(1.609 107" ]/eV).

SIMPLIFY: It is not necessary to simplify.

. . —-31 k . . 3 ) . ~19
CALCULATE: r:\/2(9 11-10™" kg)(7.50-10° eV )(1.602:10™ J/eV)

=9.7354 m

(1.602«10*‘9 C)(0.300«10*“ T)

1135



Bauer/Westfall: University Physics, 2E

27.69.

27.70.

d=(9.7354 m)—\/(9.7354 m)’ —(1.00 m)’ =0.051495 m, upward from the ground.

ROUND: To three sigf‘liﬁcant figures, the answer should be rounded to: d = 0.0515 m upward.
DOUBLE-CHECK: Note that d << 1.00 m, as is expected since the magnetic field of the Earth is fairly
weak.

THINK: Since the electric field from the plates will cause the proton to move in the negative y-direction,
the magnetic field must apply a force in the positive y-direction. It is determined from the right-hand rule

that B must be in the negative z-direction.

SKETCH:
Hy
__zl +x
200. V
proton ' T
> Id=35‘0 mm
v=13510°m/s ¢ ~
ov
RESEARCH: v =1.35-10° m/s, V=200.V, d=35.0-10" m,and E =V /d. Itis required that vB =E.
SIMPLIFY: B=2 -
v vd
(200. V) .
CALCULATE: B= =4.23-10" T

(1.35-106 m/s)(35.o.10‘3 m)

ROUND: To three significant figures, B=-4.23-1072 T
DOUBLE-CHECK: The final expression for B makes sense. If the applied voltage is larger, one needs a
larger magnetic field.

THINK: Determine the radius of curvature. This distance will allow the electron to be trapped in the field.
SKETCH:

@ 0 @ ©
/ ‘1 e Trapped electron

@ @ 0 &8 0

Electron Path

RESEARCH: The magnitude is given by F, =qv B, in the positive y-direction (by the right-hand rule).

mv,

la|B
SIMPLIFY: 2 =@
m

d:r:

CALCULATE: Not applicable.

ROUND: Not applicable.

DOUBLE-CHECK: It makes sense that for larger magnetic fields and for larger widths, the escape
velocity is larger.
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27.71. THINK: Equilibrium occurs when the net torque on the coil is zero. Use the values: A=d’,
d =0.200 m, i=5.00 A, m = 0.250 kg, B = 0.00500 T, and N = 30.
SKETCH:

mgsin@

RESEARCH: 7, =mgsin H(d / 2), 7y = NiABcos0. Itis required that 7, =7,.

1
SIMPLIFY: 7, =7, = EmgdsinﬁzNichosH

sind 2NdiB 2NdiB . (ZNdiBJ
= = tanf= = fO=tan
cosd  mg mg mg
CALCULATE: - tan" 2(30)(0.200 m)(5.00 A)(0.00500 T) | _ 6.9740°
(0.250 kg)(9.81 m/s’)

ROUND: The number of turns is precise, so it does not limit the precision of the answer. The rest of the
values are given to three significant figures of precision, so it is appropriate to round the final answer to:
0=6.97°.

DOUBLE-CHECK: It makes sense that § is inversely proportional to m, since the less the coil weighs, the
more vertical it must be.
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27.72.

27.73.

THINK: It can be deduced from symmetry that the net force is in the negative y-direction. Therefore,
F,=F,.
SKETCH:

RESEARCH: From the book, F, =iLBsin6. The objective is to sum up the forces due to each point of the

semi-circle. This means we will integrate F, over the length of the wire.

SIMPLIFY: F, = ["iLBsingdL= [ iLBsin0 (Rd6)= iLBR| sinf d6 in the negative y-direction.
CALCULATE: F, =iLRBcos6|  =—iLRB(—1-1)=2iLRB in the negative y-direction.

ROUND: Not applicable.

DOUBLE-CHECK: Note that F = J‘: iRcos@Bd@ =0. This confirms the analysis based on symmetry.

THINK: The magnetic force on the proton due to the presence of the magnetic field will affect only the
component of the proton’s velocity that is perpendicular to the magnetic field.

SKETCH:
B into the page .
5 L.
3
tp
. — L V
LY v -
L
‘A G —
—r - VJ_
Note: Take region of magnetic field as y > 0.
RESEARCH:

(a) When the proton enters the magnetic field, the component of its velocity that is parallel to the field
will be unaffected, so the proton advances along the z-axis at a constant speed. The component of the
particle’s velocity that is perpendicular to the field will be forced into a circular path in the xy-plane. Thus,
the trajectory of the proton will be a helix, as shown in the figure. The magnetic force on the proton is
given by:

l:"B :q17><1§=q(17“ +17l)><l§=q\7” ><1§+q17L ><1;’:q17i x B.
(b) The magnitude of the magnetic force is given by |FB| :|q17 X 1§| =qv,B. By Newton’s Second Law,

|FB|=ma = qv,B=mv] /r.

(c) The period of the circular motion in the xy-plane projection is given by T zzﬂ. The frequency is
€L

givenby f=1/T.
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(d) The pitch of the motionis p=vT.
SIMPLIFY:
(b) The radius of the trajectory projected onto the xy-plane is given by

omv mvsin(90° +6’) _ mvcosd

B qB qB
© T:2—” mv, :Zﬂm'
v, qB qB
(d) pz(vsinH)T.
CALCULATE:
1.67-107 kg)(1.00-10° m/s)cos(60.0°
(b) r= ( g)( ) ( ) =10.44 mm.

(1.60-10™ €)(0.500 T)

27(1.67-107 kg)
() T= =1.312:10" s, f=
(1.60-10™ C)(0.500 T)

1

— — _=7.624-10° Hz.
(1.312-10*7 s)

(d) p=(1.00-10° m/s)sin(60.0°)(1.312107 5)=113.6 mm.
ROUND: Rounding to three significant figures,

(b) 10.4 mm

(0)T=131-10"7s, f=7.62-10° Hz

(d) 114 mm

DOUBLE CHECK: All calculated values have correct units. The magnitudes are appropriate for
subatomic particles.

Multi-Version Exercises

Exercises 27.74-27.76 For the ball to travel in a circle with radius r, we have r = %
q
27.74.  r=""2
L
5.063-10 kg (3079 m/
=ﬂ=< 8)(3079 m S)=0.6614T
lg|r (11.03 C)(2.137 m)
27.75.  r=12
lal B
o rlg| B _ (2.015 m)(11.17 C)(0.8000 T) 0005751 kg =5.751 g
v 3131 m/s
27.76. r =M
lal B

mv (3.435-10° kg)(3183 m/s)

mn_ =1131C
rB (1.893 m)(0.5107 T)

lal=
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Exercises 27.77-27.79 The electric force is given by F, =gE. The magnetic force is given by F, =vBq.
Setting these forces equal to each other gives us

qE =vBq
E
y=—,.
B
E 1.749-10* V
2777, v=L =170 VM es 16 s,
B 4623100 T
27.78. v=£
B

p_E_ 2.207-10* V/m

- =0.04683 T =46.83 mT
v 4.713-10° m/s

27.79. V=—
B

E=vB :(5.616-105 m/s)(47.45~10’3 T) =2.665-10* V/m
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Chapter 28: Magnetic Fields of Moving Charges

Concept Checks

28.1.c 28.2.a 28.3.a 28.4.b 28.5.¢ 28.6.d 28.7.d 28.8.d

Multiple-Choice Questions

28.1.b 28.2.c 28.3.c 28.4.a 28.5.d 28.6.a 28.7.c 28.8.c 28.9.a 28.10.d 28.11.a 28.12.a 28.13.d

28.14.b

Conceptual Questions

28.15.
28.16.

28.17.

28.18.

28.19.

28.20.

The wires are twisted in order to cancel out the magnetic fields generated by these wires.

Since the currents running through the wire generate magnetic fields, these fields may overpower the
magnetic field of the Earth and make the compass give a false direction.

No, an ideal solenoid cannot exist, since we cannot have an infinitely long solenoid. To a certain extent,
yes, it renders the derivation void. However, the derivation is an approximation and is an important
theoretical example.

In Example 28.1, the right hand rule implies that the magnetic dipole of the loop points out of the page.
Application of the right hand rule to the straight wire tells us that the magnetic field produced by wire
points out of the page. Assume the angle between the dipole moment and the field remains fixed. Since the
dipole strength is also constant, the only quantity left to vary is field strength. If the potential energy is to
be reduced, the loop must move towards a region of smaller magnetic field strength. That is, the loop must
move away from the straight current-carrying wire.

By Coulomb’s Law, the electric force between the particles has magnitude |Fe|=q2 / (47rgod2). For the

magnetic force, the version of the Biot-Savart Law given in the text can be adapted to describe the
magnetic field produced by a moving particle via the replacement

Il = (dq/dt)dl = dq(dl/dt) = qv, with g charge andv_, the velocity of the source particle. The
magnetic field produced by one particle at the location of the other can be written as B = g ,qvd / (47[&13)
with v, common velocity and d, the separate of the particles. The magnitude of the magnetic force one

particle is given by |F. =|qu|=(,u0 /(47[))|qv-(qu)/ds|=,uoqzv2 /(47rd2). Since the vectors v, d and

v-d are mutually perpendicular (the site of the angle between any two of them is unity) the ratio of forces
is |Fm /' E,

= u,&,v* which also |Fm /FJ =v*/c?, where c is the speed of light.

The field is given by Ampere’s law B(Zﬂ)(a + b) /2= i . Current density is then given by:

ool )

ﬂ[(a-i-b)/ZT =A
BQx)[ (a+b)/2]= Al

The area of interest is:
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28.21.

28.22.

28.23.

28.24.

28.25.

28.26.

4 [a+bj2 ) i
B=——nr -a | —
z(a+b) { 2 n(bz—az)

2
a+b e
J7x] 2

ﬂ(a+b) (b2 _az)

The magnetic field at point P would be zero. The contribution from part A would be zero since P lies along
the axis of A. The currents through B and C points in opposite directions and yield magnetic fields that
cancel outat P.

Ampere’s law states that, (j)CBdl = u,i, but since B is constant the integral must be zero. If so, i is zero

everywhere and consequently J =0 everywhere.

(a) Since molecular hydrogen is diamagnetic, the molecules must have no intrinsic dipole moment. Since
the nuclear spins cannot cancel the electron spins, the electron spins must be opposite to cancel each other.
(b) With only a single electron, the hydrogen atoms must have an intrinsic magnetic moment. Atomic
hydrogen gas, if it could be maintained, would have to exhibit paramagnetic or ferromagnetic behavior.
But ferromagnetism would require inter atomic interactions strong enough to align the atoms in domains,
which is not consistent with the gaseous state. Hence one would expect atomic hydrogen to be
paramagnetic.

The saturation of magnetizations for paramagnetic and ferromagnetic materials is of comparable
magnitude. In both types of materials the intrinsic magnetic moments of the atoms arise from a few
unpaired electron spins. Magnetization effects in ferromagnetic materials are more pronounced at low
applied fields because the atoms come pre-aligned in their domains, but once both types of atoms have
been forced into essentially uniform alignment, the magnetization they produce is comparable. For either

type of material maximum magnetizations of order 10° A m’*/m’ =10° A/m magnetic dipole moment

per unit volume are typical.

The wire carries a current which produces a magnetic field. This magnetic field will deflect the electron by
the Lorentz force in the left direction.

Each side of the loop will create the same magnetic field at the center of the loop. The total field is 4 times
the field of one side. The field at the center is given by the Biot-Savart Law:

‘dﬁ‘ =|'u°i d§><?| _ M sin Ods.
4r P | Arr?
T +y
L +
. x
: 9 d l
Since sin@ =d / r, the differential element of magnetic field is
Mid H,id ds
dB == 3d5: " 2 2y3/2°
A r 47 (d” +s°)
Integration gives
B ,uOidJ-d ds _ Zyoidjd ds _ Hyid s ‘ _ M d .
4 (@ 2P Az V(@4 2 | A+ , 2md 2d  2\2xd
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28.28.

28.29.

The total field is then B, =4B =

Chapter 28: Magnetic Fields of Moving Charges

Vaui _ N2pi_2\2u

zd 7(L/2)

L

The current that flows through a ring of radius r which lies in the region a<r<b is given by

i= I]OdA = Lr]OZﬂpdp =], |.=J,x(r* =a’). To find the magnetic field employ Ampere’s Law

qSEodE: Mol toq- For a cylinder this becomes B(27rr)= Hoi. OF B=pi [ Q2rzr). If r<a then

_ /u()](]ﬂ-(rz _az) — ﬂo]o(rz _az)

B._ =0, thus if a<r<b then i,_=] z(r’-a’)and B__, = I r>b
2rr 2r
b’ —a’ b’ —a’
then i =J,7(b’—a’) and B, = % Note that if r=b then B, _, = %b) =B _,.
r

The loop creates a magnetic field of B, = 1,i/(2R) at its center and is directed upwards. Out of the page.

Both wires contribute a magnetic field of B = 4,i/(27R) pointing out of the page. The total fields is then

to

B, =B +2B, = %(1 +£), and points out of the page.
7

-— ) —

THINK: Ampere’s Law can be used to determine the magnitude of the magnetic field in the two regions.
SKETCH: A sketch is included at the end of the SIMPLIFY step, once the two equations have been found.

RESEARCH: The current with the conductor is given by i = J J(r)dA. The magnetic field is found using

/’lOlenc

Ampere’s Law ggé-d? = Uyl 10eeq OF B= 5
zr

SIMPLIFY: i = I](r)dA = Zﬂjor](r')r'dr' =27], J‘Ofr'e*r'/Rdrr =2rj, [—R(R + r')e”’/R] |S

= ((—R(R +7r)e 'R ) - (—R(R +0)e 'k ))271']0

- (R2(1 —e ") —Rre™'® )27[]0

If r <R then B,_, =*[R* ~RR+nr)e " J2n], _ Ao 1R RR4 e,
2rr r
Hy T o _riR HJoTpe ope - MR o
If r>R then B, , =—[ R*—R(R+R)e™* |27], = =2 R —2R%™" | =220 [1” ~2¢7']..
2xr r r

1143



Bauer/Westfall: University Physics, 2E

uJ R(1-2/e)

CALCULATE: There are no values to substitute.
ROUND: There are no values to round.
DOUBLE-CHECK: Note that the two computed formulas agree whenr =R.

Exercises

28.30. The force of wire 1 on wire 2 is F_,=i,LB=iL| i /(27d)]= L/ (27d). Since 2i, =i,,

152

0.0030 m)(7.0-10° N
E, = ﬂoilzL/(de). Solving for the currenti, gives i, = ”dFl;Z = 7(15 107 :)(/A)(l 0 )) =023 A.
My -10" m .0Om

The current on the other wire is 7, =0.46 A.

28.31.  The magnetic field created by the wire is given by the Biot-Savart Law B = z4i / (27zr). The force on the
electron is given by the Lorentz force F =qvB = qvi/ (271'}’). The acceleration of the electron is
g F_avii _ (1.602-10™" C)(4.0-10° m/s)(47z-107 T m/A)(15 A)
m 2mmr 27(9.109-10*" kg)(0.050 m)
The direction of the acceleration is radially away from the wire.

=4.2-10" m/s*

28.32.  The magnitude of the magnetic field created by a moving charge along it is line of motion is zero. By the
Biot-Savart Law,

Bt ids <7 _ thy qdﬁx?zo

ar 1 ar 1’ ’
since the angle between the angle between the velocity and the position vector r is zero. The situation is

the same for an electron and a proton.

28.33.  The field along the axis of a current loop of radius R as measured at a distance x from the center of the
loop is

The current of the loop must be

o +r)" B 2[(2.00-106 m) +(6.38-10° m)zT/2
i= . = - (6.00-10’5 T):7.14-109 A
MR (4;:-10‘7 Tm/A)(z.oo-m6 m)
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28.35.

Chapter 28: Magnetic Fields of Moving Charges

What does it mean to have an “average value of the magnetic field measured in the sides”? The answer is
that the average value is: B = (j)l?-d? / q‘>ds. And qus is just the total length of the closed path around the

loop, in this case @ds =4/. For the integral above we can simple use Ampere’s Law and find (see equation
28.10):

qSE'dE = Hyleye

We found above that B = (j)é-d? / qus = (ﬁﬁ-d? / 4l. Inserting Ampere’s Law and solving for the enclosed

current then yields:
B=ui, /4l=>i  =4IB/ y,

Numerically we find i, =4(0.0300 m)(3.00-10“T)/(47-107)=28.64789 A, which we round to
i =28.6A.

We can also see if our solution makes sense. We have calculated the magnetic field from a long straight
wire as a function of the distance to the wire in equation 28.4 and found B = y,i/27r . With our value of
the current computed above, we can calculate the value of the magnetic field at the corners of the loop
(furthest from the wire) and middle of the sides (closest to the wire) and see that these two values of the
magnetic field are below and above the average value of B that was given in the problem. For the middle of

the sides we find (r, =1/2): B=3.82-10"T, and for the corners we find (r, = I\N2): B=2.70-10"*T . This
gives us confidence that we have the right solution.

THINK: A force due to the magnetic field generated by a current carrying wire acts on a moving particle.
In order for the net force on the particle to be zero, a second force of equal magnitude and opposite
direction must act on the particle. Such a force can be generated by another current carrying wire placed
near the first wire. Assume the second wire is to be parallel to the first and has the same magnitude of
current. The wire along the x-axis has a current of 2 A oriented along the x-axis. The particle has a charge
of g=-3 uC and travels parallel to the y-axis through point (x, y,z)=(0,2,0).

SKETCH:

RESEARCH: The magnetic field produced by the current is given by the B = pi/ (27rr). The force on the
particle is given by the Lorentz force, F =qgv,B.

SIMPLIFY: If the wires carry the same current then the new wire must be equidistant from the point that
the particle passes through the xy-plane. Only then will the magnetic force on the particle due to each wire
be equal. By the right hand rule, the currents will be in the same direction. This means that r, =7,.
CALCULATE: The requirement #, =7, means that the second wire should be placed parallel to the first
wire (parallel to the x-axis) so that it passes through the point (x, y,z) =(0,4,0).
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28.36.

28.37.

ROUND: Not necessary.
DOUBLE-CHECK: It is reasonable that two wires carrying the same current need to be equidistant from a
point in order for the magnitude of the force to be the same.

THINK: The current through the wire creates a magnetic field by the Biot-Savart Law. The straight part of
the wire only creates a magnetic field at points perpendicular to it. Therefore this part of the wire can be
ignored. The magnetic field at the center of the semicircle is created by the charge moving through the
semicircle.
SKETCH:

M, isin@
r2

RESEARCH: The Biot-Savart Law can be employed in the form dB= ds . Going around the

4
semicircle, the angle ¢ can be related to the current element by ds =rdg.
SIMPLIFY: Performing the integration gives

B

_ Ml nsirzﬁ Rdg :{yoisinﬁgé}” _ HyisinOm _ yoisinﬁ‘

40 r 4rr 0 4rr 4r

The angle @ between the current and the radial vector 7 is 90° for the loop, thus B = z4i/(4r).
(47107 Tm/A) (12,0 A)
4(0.100 m)
ROUND: The values are given to three significant figures, thus the magnetic field produced by the wire is

B=3.77-10" T and points into the page.
DOUBLE-CHECK: The magnetic field is very small, as would be expected from a real-world point of
view.

CALCULATE: B= =3.76991-10" T

THINK: Each of the wires creates a magnetic field at the origin. The sum of these fields and the Earth’s
magnetic field will produce a force on the compass, causing it to align with the total field. The wires carry a
current of i, =i, =25.0 A. The Earth’s magnetic field is B, =2.6-10° ) T.

SKETCH:

b B

f-— g[I—H

RESEARCH: The magnetic field produced by a wire is B = z,i / (27rd )
SIMPLIFY: The magnetic field of wire 1 is B = yoil(—j/)/(ZEdl). Wire 2 produces a magnetic field

Mg Hos B
27rd

27d,
(47-107 Tm/A)(250 A) | (47:107 Tm/A})(25.0 A)
27(0.15m) Y 27(0.090 m)
=5.5555-10" Tx—7.3333-10° Ty

of B = i X / (27rd2 ) The sum of the magnetic fields is Bu« = Bi + B2 + Br = —

1

CALCULATE: Bu« =

X+2.6-107 Ty
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—— |=-7.5196°.
5.5555:10° T

ROUND: The angle is accurate to two significant figures. The compass points 7.5° below the x-axis.
DOUBLE-CHECK: This is a reasonable answer. The compass points towards the east if y is north.

— . _6
The direction of the field is & =tan™ (M]

THINK: The coil will levitate if the force from the magnetic field cancels the force of gravity. The coils
have radii of R =20.0 cm. The current of the bottom coil is i and travels in the clockwise direction. By the
right hand rule the top coil has a current of the same magnitude, moving in a counter clockwise direction.
The mass of the coils is 7 =0.0500 kg. The distance between the coils is d =2.00 mm.

SKETCH:

i

+y
To
j : L.
d +x
i © Bottom

i
RESEARCH: The force of gravity is F, =mg. The magnetic force on the top coil due to the bottom coil is
F, = wii,L/(27d) = wii,27R [ (27d).

.. 2 R -2R d
SIMPLIFY: Equating the two forces give mg = ANLETE Y T The amount of current is i =5 or
27d d 4R
i mgd
R

(0.0500 kg)(9.81 m/s” )(0.00200 m)
(47107 T m/A)(0.200 m)

CALCULATE: i = =62.476 A
ROUND: Reporting to 3 significant figures, the current in the coils is 62.5 A and travel in opposite

directions.
DOUBLE-CHECK: Dimensional analysis provides a check:

_ [ o] J Cellm o] _ [oellmlm s Im)
[ Tn] " \INamio]m]#] "\ Deln]m ]

THINK: The current carrying wires along the x- and y-axes will each generate a magnetic field. The
superposition of these fields generates a net field. The magnitude and direction of this net field at a point
on the z-axis is to be determined.

SKETCH:

RESEARCH: Both currents produce a magnetic field with magnitude B = i /(27r). The magnetic field
produced by the wire along the x-axis gives Bi = s,i (—}7)/ (27b). The wire along the y-axis creates a

magnetic field of B: = y,ix / (27b).
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SIMPLIFY: The total magnetic field is then Bue = Bi + Bz =%fc —éu—(’; y. The magnitude of the field
T T
. /uoi 2 2 \/E/uoi luoi : . . 1[ _,uoi/ ,uoi j .
is B=-—"—,/1" +(-1) =——=—=—. The direction of the field is § =tan in the x-
27h ( ) 27 27b 27b/ 27b 4

plane at a height of b.

CALCULATE: tan™ (—1)=—45° in the x-y plane at point b.

z

b

/_’.1-’
7
ROUND: Not applicable.

DOUBLE CHECK: Both the right hand rule and the symmetry of the problem indicates that the net field
should be in the fourth quadrant.

28.40. THINK: The loop creates a magnetic field at its center by the Biot-Savart Law. The loop has side length
1=0.100 m and carries a current of i =0.300 A.

SKETCH: i
e
) M, isinBds . . .
RESEARCH: The Biot-Savart Law states dB = P The angle @ is found by using the equations:
T

sin@=d/r, r=+s*+d*, and d=1/2.
d . pid ds

SIMPLIFY: The field due to one side of the loop is dB = Al 2 g ——ya
4z r? 4z ( &+ d )3’2

four sides, the total loop is four times this value. The total magnetic field is then

d pid ds Al id  2ds

Since there are

- 4r (52+d2)3/2: 0 41 (52+d2)3/2
_Zind{ s }:2%1' d 0 ) 2ui By
I +d |, md\ o a2 ) emd 7l
V8(47-107 T m/A})(0.300 A)
=3.394-10° T
7(0.100 m)

B:de:4

T

CALCULATE: B =

ROUND: To three significant figures, the magnetic field at the center of the loop is B=3.39-10° T.
DOUBLE-CHECK: The current is small, so the magnetic field it generates is expected to be small. This is
a reasonable value.

28.41. THINK: In order for wire 1 to levitate, the forces on it must cancel. Both wire 2 and 3 will create magnetic
fields that will interact with wire 1. Both wires create forces with horizontal and vertical components. The
horizontal components will add destructively. The vertical components however will add constructively.
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Therefore, only the vertical components need be calculated. Wires 2 and 3 each carry a current of
i=600. A. All three wires have a linear mass density of 4 =100. g/m. The wires are arranged as shown in

the figure.
SKETCH:

d

|
|

i,

RESEARCH: The force of gravity on the wire is F, =mg. The force between two wires carrying current is

F, = p,ii,L/(27d).

i il
SIMPLIFY: The vertical component of the magnetic force for one wire is F, = ALhs BN e
2n(h/2)  7h
o 2yisi L . . oo
total force due to the wires is then F, =2F, =———-—. Equating this to the force of gravity gives:
2,10 L hA

mg=ALg = . Solving for the current i, gives: i, =—=.

24,
7(0.100 m)(100.-107° kg/m)(9.81 m/s*)

CALCULATE: i, =
2(4;;-10‘7 T m/A)(600. A)

=204.375 A

ROUND: The current of wire 1 required to levitate is i, =204 A.
DOUBLE-CHECK: The current in wire 1 is on the same order of magnitude as the other currents. This is
a reasonable answer.

THINK: The net field is a superposition of the fields created by the top wire, the bottom wire and the loop.
The wires are 2.00 cm apart and carry a current of i =3.00 A. The radius of the loop is r =1.00 cm.
SKETCH:

————1<c--y=1.00cm
2\
—) -\‘
—_—— y=-1.00 cm

RESEARCH: The magnetic field produced by an infinite wire is B = yi/ (27rr). A semi-infinite wire is

half this value, B= ,uoi/(47rr). A full loop produces a magnetic field of B= ,uoi/(Zr). The half loop

produces half of this, B = z,i/ (4r).

SIMPLIFY: By the right hand rule, the magnetic field points into the page. The magnetic field is the sum
of all the fields.

Bnet = Btop + Bbottom

. . ) (o
+B, =t A A A S
P dngr 4nxr 4r 4r\«r«

(47107 Tm/A)(3.00 A)( 2
CALCULATE: B, = (

~+1|=1.54-10" T.It is directed in the negative z
4(0.0100 m) m
direction.

ROUND: To 3 significant figures, the magnetic field at the origin is —1.54-10™" Tz.
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DOUBLE-CHECK: The field due to a single infinite wire similar to the wires in the problem would be
B=(47-107 Tm/A)(3.00 A)/(27(0.0100 m))=6.00-10"" T, which is similar to the result. Therefore,
the result is reasonable.

THINK: The wire creates a magnetic field that produces a Lorentz force on the moving charged particle.
The question asked for the force if the particle travels in various directions. The velocity is 3000 m/s in

various directions.
SKETCH:

RESEARCH: The magnetic field produced by an infinite wire is B = z,i / (27rd ) By the right hand rule
the field points in the positive z-direction. The force produced by the magnetic field is F =gV x B.

Al ;AL

SIMPLIFY: The force is given by F=qvxB=
27d 27d

~f1><2) where 7 is the direction of the

particle.

(9.00 C)(47-107 T m/A})(7.00 A)
277(2.00 m)

Note that xxz=-y, yxz=x%, and —zxz=0.

ROUND: The force should be reported to 3 significant figures.

CALCULATE: F =

(3000. m/s-71x2)=1.89-107 N(f1xz)

(a) The forceis F=-1.89-107 N y if the particle travels in the positive x-direction.

(b) The forceis F=1.89-10 N x if the particle travels in the positive y-direction.

(c) The force is F =0 if the particle travels in the negative z-direction.

DOUBLE-CHECK: The right hand rule confirms the directions of the forces for each direction of motion
of the particle.

THINK: The wire produces a magnetic field that creates a force on the loop. The wire has current of
i, =10.0 A and is d =0.500 m away from the bottom wire of the loop. The loop carries a current of
i, =2.00 A and has sides of length a =1.00 m.

SKETCH:

.1:-}- I

Loer

@ O

®
@

W

-—f— D —|

RESEARCH: The force on two wires carrying a current is F= gi,i,L/(27d). The torque is given by
7=7xF.
SIMPLIFY: The forces on part @ and @ cancel each other. The force on @ is F, = i, ia/(27d) and

points towards the long wire. The force on ® is F, = yi ia/[27(d+a)] and points away from the long
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T i hal 1 1
wire. The total force is then F,, =F1+F3 = _'uﬂlwlla(

27 \d d+a
the force and the length between the axis of rotation are parallel there is no torque on the loop.
CALCULATE:

. (47107 Tm/A)(10.0 A)(2.00 A)(1.00 m)( 1 j

et = 2 L0.500m 1.50 m
ROUND: The force is reported to three significant figures. (a) The net force between the loop and the wire

j and points towards the long wire. Because

=-5.33333-10°y N

is F=-5.33-10"°y N. (b) There is no net torque on the loop.

DOUBLE-CHECK: The force between the long wire and the lower arm of the loop is attractive, because
the currents are in the same direction. The currents of the long wire and the upper arm of the loop are in
opposite directions, therefore the force is repulsive. Since the lower arm is closer to the long wire, the
attractive force dominates, and the net force is in the negative y direction, as calculated.

The magnetic field at the center of the box is the sum of the fields produced by the coils. A coil produces a
4, NiR*  ~

magnetic field of B= L

2(x2 +R2)

The magnetic field produced by the coil on the x —z plane is

(47107 T m/A)(30.0)(5.00 A)(0.500 m)* . -
= - (+9)=6.66-10"" Ty
2[(0.500 m) +(0.500 m)2]
The magnetic field produced by the other coil has the same magnitude but points in the negative x-

direction. Therefore B, =6.66-10" T[-;c+)A/]. The magnitude of the field is V2-6.66-10° T, or

Xz

9.42-10”° T. The direction of the field is at an angle of 45° from the negative x-direction towards the

positive y-axis.

The current within a loop of radius p <R is given by

’=%Jy1"2dr'= 27z, " |, _ 27z]0r3‘
R % R 3| 3R

0

i= _[](r)dA = ZHJ(:](r')r'dr' =27], jor%r'dr

The magnetic field is given by Ampere’s Law

luolenc

C"SB~ds:B(2ﬂr):yoienc = B= s
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The magnetic field in the region r <R is B= . The magnetic field in the region

n (27[]01‘3 _ Lo,
3R

27r( 3R

3 2
r>R is B= a (ZHIOR JzﬂOJOR .

2zr( 3R 3r

[ V]

uJ R
= oo

R r
Using Ampere’s Law, the magnetic field at various points can be determined. qSB-dE = Uyl toed- FOr  the
cylinder, assuming the current is distributed evenly, B2zr =y i, or B= i /(Zn'r). The field at
r=r =0 is zero since is does not enclose any current B, =0. The field at r=r, <R is
o it (o _ ain _ (47107 T m/A)(1.35 A)(0.0400 m)
“amn, 2mn (Y aR ) 2aR 27(0.100 m)’

equal to the fraction of total area of the conductor’s cross section and the total current. The field at
(47107 Tm/A)(1.35 A)

r=R is B = Polene _ Holior _ =2.70-10° T. The field at r,>R is
27r,  27R 277(0.100 m)

c

=1.08-10° T. Note that i is

i (47107 Tm/A)(1.35 A)
=Deme — =1.69-10° T. By inspection it can be seen that the magnetic field
27, 27(0.160 m)

atr,, . and r, the magnetic field will point to the right.

B

d

THINK: The magnetic field is the sum of the field produced by the wire core B_ and the sheath B;. The

wire has a radius of a=1.00 mm. The sheath has an inner radius of b =1.50 mm and outer radius of
¢ =2.00 mm. The current of the outer sheath opposes the current in the core.
SKETCH:

RESEARCH: The current density of the core is J. =i/(7a’) and the current density of the sheath is

Jo =i/ [7(c* —b*)]. The enclosed current is calculated by i = I JdA. The magnetic field is derived

enclosed
using Ampere’s Law: qSB ds = i oeed
SIMPLIFY: When the radius is within the core , 7 < a, the magnetic field is
. 1 r 2w
@B ~ds=B,_27r =i, = ,uoj.]dA =4, FJ‘O L rd@dr
i 27’ T

0
ma® 2 a’
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., .
or e L ,uozr. If the

radius is between the core and the sheath, a<r<b,

2zr a®  27ma’

r<a

@B-cﬁzB 2xr=pyi or B, =i/ (@2xr). Within the sheath, b<r<c, the magnetic field is

a<r<b a<r<b

- , . prew - , i 2mr, | rr=b
@B.ds =Bb<r<62ﬂ-r=/u01enc =fuC (l+jb -[0 m”de}’jzﬂo [l_m? |bJ=luOl|:1_ CZ _b2:|

Hyi -0
Bh<r<c = 1_ 2 2
27r ¢ =b

If the radius is outside of the cable, r > ¢, then the magnetic field is qSB ~ds=B_ 2rr=pi, = p,(i—i)=0

or B, =0. In summary the magnetic fields of various regions are

ir i i -
= /uo 27 Ba<r<h = /uo > Bb<r<c = 'uO 1- rZ 2 | Br>c :0
27a o2 c=b B

r 2rr
CALCULATE: In order to graph the behavior of the magnetic field as a function of the radius, set the

r<a

u,i
magnetic field in units of —°

2ra

05 1.0 15 20 r

ROUND: There is no need to round.

DOUBLE-CHECK: Note that the magnetic field outside of the coaxial cable is zero. These cables are used
when equipment that is sensitive to magnetic fields needs current.

THINK: To find the magnetic field above the center of the surface of a current carrying sheet, use
Ampere’s Law. The path taken should be far from the edges and should be rectangular as shown in the
diagram. The current density of the sheetis J=1.5 A/cm.

SKETCH:
tz
L. 7
+x 4 '
®@ @3t® ® ©118
S 2
B

RESEARCH: The direction of the magnetic field is found using the right hand rule to be +x above the
surface of the conductor. Ampere’s Law states CJSB-dE =B27r = fhyi oeed

SIMPLIFY: Note that sections 1 and 3 are perpendicular the field. B-ds=0 for these two sections. If the
path of 4 and 2 has a length of L, then by Ampere’s Law, (ﬁB~ds:BlL+B2L: Mol tosed = HoJL. By
symmetry B, = B,. Thus, 2B, = 4,] or B, = 1,] /2.

(4n~10*7 T m/A)(1.5 A/cm)(100 cm/m)

2
ROUND: The magnetic field is accurate to two significant figures. The magnetic field near the surface of

the conductor is B, =9.4-107 T.

CALCULATE: B, = =9.42478-10° T
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28.53.

28.54.

DOUBLE-CHECK: The form for the magnetic field is similar to that of a solenoid. It is divided by a factor
of 2, which makes sense when considering the setup of a solenoid. The form of the equation is similar to
that of question 28.12. This makes sense because the magnetic field inside a solenoid is generated by a
current carrying wire on both sides of the Amperian loop, whereas the field generated by the flat
conducting surface originates on one side of the Amperian loop only. In effect, the flat conductor can be
seen as similar to half a solenoid, flattened out. See figure 28.21 in the text for a visual.

The magnetic field in a solenoid is given by the equation:

1
B=pyni=(47-107 T m/A)[O 4(())00

j(z.oo A)=6.28-10"T.
0 m

The magnetic field in a solenoid is given by B = g in. Let the magnetic field of solenoid B be B, = yin.
The magnetic field of solenoid A is B, = 14,i(4 N)/(3 L)=(4/3) u,in=(4/3)By. The ratio of solenoid A
magnetic field to that of solenoid B is 4:3.

The magnetic field at a point r =1.00 cm from the axis of the solenoid will be the sum of the field due to
the solenoid and the field produced by the wire. The solenoid has a magnetic field of B, = s i;n along the

=
&=

The wire produces a field which is perpendicular to the radial vector of B, = i, /(27zr). The magnitude

of the field is then
B, =+/BS +B. = p[(in) + G, [ 27r)’

B,, =(47107 Tm/A) ((0.250 A)(1000m ))2 + {%

axis of the solenoid.

2
J =3.72-10"* T.

(a) The magnetic field produced by the wire is
B= il (27r)=(47-107 Tm/A)(2.5 A)/(27(0.039 m))=1.3-10" T.

(b) The magnetic field of the solenoid is

32

0.01 m

B=pin=(47-107 Tm/A)(2:5 A)( j =0.010 T=1.0-10" T.
This field is much larger for the solenoid than the wire.

Hi_ R
2 (xz +R2)3/2 .

-

The magnetic field of a loop is B=
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N R’
Therefore a coil of N loops produces a field of B=* W Let x=R/2 gives
X+
iN R iN R 4" wiN
B:/’oz R :ZOR EIo7 :[Ej “ZO_R. The field at the center of the coils is then
X+

=221-10°T.

5

3/2 . 3/2 -7
iN 47-107 Tm/A)(0.123 A)(15)
Btot :ZB = i —luo = 4 ( )
5 R (0.750 m)

THINK: If the perpendicular momentum of a particle is not large enough, its radius of motion will not be
large enough to enter the detector. The minimum momentum perpendicular to the axis of the solenoid is
determined by a condition such that the centripetal force is equal to the force due to the magnetic field.

SKETCH:
'/ solenoid

@,

cross-section view

RESEARCH: Since the particle originates from the axis of the detector, the minimum radius of the
circular motion of the particle must be equal to the radius of the detector as shown above. The magnetic

force on the particle is F =qvB. Centripetal acceleration is a, =v’/r. The magnetic field due to the
solenoid is B = g in.
SIMPLIFY: Using Newton’s Second Law, the momentum is qvB=mv* /r = mv = p =qrB. Therefore,

the minimum momentum is p = g grin.
CALCULATE: Substituting the numerical values yields.

p=(47-107 Tm/A)(1.602:107°C)(0.80 m)(22 A)(550-10° m™)=1.949-10™ kg m/s

ROUND: Rounding the result to two significant figures gives p=1.9-10" kg m/s.
DOUBLE-CHECK: This is a reasonable value.

The magnetic potential energy of a magnetic dipole in an external magnetic field is given by U =—/i*B.
Therefore, the magnitude of the difference in energy for an electron “spin up” and “spin down” is

AU=|U, -U

=2uB. This means the magnitude of the magnetic field is B=AU/2u.

down
9.460-107% J

=0.05094 T.
2(9.285~10‘2“ A mz)

Putting in the numerical values gives B =

The energy of a dipole in a magnetic field is U=—zeB. The dipole has its lowest energy
U, =—ii*B=—uB, and its highest energy U, = uB. The energy required to rotate the dipole from its

lowest energy to its highest energy is AU =2uB. This means that the thermal energy needed is AU which
corresponds to a temperature T =AU /k, =2uB/k,.
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Substituting the numerical values of the dipole moment of hydrogen atom and B=0.15T yields
2(9.27:107 J/T)(0.15 T)
(1.38-10™ J/K)

<2

()

T = =0.20 K.

28.58.

The magnetic permeability of aluminum is x = (1 + X ) U,. Applying Ampere’s Law around an Amperian
loop of radius r gives
¢3-£ = Bi} ds=BQ2rr)= i

2

enc*

The current enclosed by the Amperian loop is i, =i Therefore, the magnetic field inside a wire is

<R
. ir . . . . .
given by B= 2# o This means the maximum magnetic field is located at the surface of the wire where
P2
. . i . .
the magnitude is B= ZIU_R Thus, the maximum current is
7

27RB 27(1.0:10” m)(0.0105 T)
fnax = N o= =52 A.
" ()t (14(22:107)) (47107 T/

28.59.  The magnitude of the magnetic field inside a solenoid is given by B = uin=x,_ 4,i(N/L). Thus the relative
magnetic permeability «_is given by the equation:
BL (2.96 T)-(3.50-107 m)
TN (47107 Tm/A)-(3.00 A)-(500.)

<2

®

=54.96 = 55.0.

28.60.

The magnetic permeability of tungsten is = (1+ Xw ) H,. Applying Ampere’s Law around an Amperian
loop of radius r gives

§ Beds = Bds = B(2zr) = i,
2

The current enclosed by the Amperian loop is i, =i ”;2 .
ps

5 :((1+;(W),u0i]r _ (1+6.8:10°)(47-107 Tm/A)(3.5 A)(0.60-10" m)
2R 22(1.2:107 m)

Therefore, the magnetic field is

=2.9-10" T.
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THINK: To determine the magnetic moment, the effective current of the system is needed. This implies
the speed of the ball is required.
SKETCH:

+y

RESEARCH: The ball travels in a circular orbit and it travels a distance of 27R in time T, where T is the
time for one revolution. The effective current is given by i=q/T. Since T =2zR/v, this becomes

i=qv/ (27[R). The effective magnetic moment is 1 =iA =qvaR’/ (ZﬁR):qu/ 2. From the centripetal
force, it is found that the speed is mv’ /R=F = v=+FR/m.

SIMPLIFY: Combining the above results yields x = %q fQR
m

CALCULATE: Putting in the numerical values gives

L =1(2.00-10*6 C)\/(ZS'O N)(1.00 m) (1.00 m)=1.118-10° A m”.
2 0.200 kg

ROUND: Keeping 3 significant figures gives ¢ =1.12-10" A m>.
DOUBLE-CHECK: This magnetic moment is appropriately small for a small charge moving at a low
velocity.

THINK: The magnetic field due to a proton is modeled as a dipole field. Using the value of the magnetic

field, the potential energy of an electron spin in the magnetic field is U = - B.

SKETCH:
B I _1.-'
7, 7. [
l +x
I o 1

proton clectron

RESEARCH: The electron field due to an electric dipole is given by E=P/ (2ﬁ50R3 ) The
corresponding magnetic field is obtained by replacing 1/ (47[50 ) with g,/ (47[) and P with .
Thus, B= u, 1t/ (27[R3 )
SIMPLIFY: The energy difference between two electron-spin configurations is
AU=U_ U
=~(~41,)*B~(~44,*B)
Hy ;‘P

=211 sB=2 0P
ﬂe ILIE 27z_a3

parallel

0
_ HoH
3

7a,
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CALCULATE: Inserting all the numerical values yields

(4;:-10*7 Tm/A)(9.27-10’24 ]/T)(1.41-10’26 ]/T)

AU = =3.528-107" ] =2.204-10"° eV.

7(5292:10" m)3

ROUND: Rounding the result to three significant digits produces AU =2.20-10"° eV.
DOUBLE-CHECK: This is reasonable. A small difference in potential is expected for these small particles.

THINK: The classical angular momentum of rotating object is related to its moment of inertia. To get the
magnetic dipole of a uniformly changed sphere, the spherical volume is divided into small elements. Each
element produces a current and a magnetic dipole moment. The dipole moment of all elements is then
added to get the net dipole moment.

SKETCH:
b
%
R T
.
RESEARCH:

(a) The classical angular momentum of the sphere is given by L =Io= (2 / S)mRza).
(b) The current produced by a small volume element dV is i=pdVw/(27). Thus the magnetic dipole

pwdV
2

moment of this element is du = 7(rsin@)’. Integrating all the elements gives

“:J:”J‘O”J.OR%TZ(QHZ 0)(r’sin0) drdodg.

(c) The gyromagnetic ratio is simply the ratio of the results from parts (a) and (b): y, = ¢/ L.
SIMPLIFY:

(b) u= %-27[]0”‘[:# sin’ Odrdo

= pﬁwjoﬂsin3 6do - er“dr

cos RS x3 -1 R5 4 RS
= prw —(1—cos’0 dcos@}—: Tw| —x+— | —=pao| — |—
p liJ’cosO ( ) 5 p |: 3 :|1 p (3} 5

4
Since pgﬂRS = ¢, the magnetic moment becomes u=qwR’ /5.

(c) Taking the ratio of the magnetic dipole moment and the angular momentum vyields:

qoR’
7, :%: 3 > :%. Substituting g =—e gives: y, =—e/(2m).
“mR’w
5

CALCULATE: Not required

ROUND: Not required

DOUBLE-CHECK: The magnetic dipole and the angular momentum should both be quadratic in R, so it
is logical that the ratio of these two quantities is independent of R.
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28.64.
4 y
B L.
_____ . i tx
5l |
¥ R
LY
. . o LyiN, R’ .
The magnitude of magnetic field due to one of the coils is B, = ——; Since B =B,, the net
2 (X+RY)"?
. . #,iNR? . . ;
magnetic field is B=B +B,=———-. Putting in x=0.500m, R=2.00m,i=7.00 A and
(x*+R%)
(47-107 T m/A)(7.00 A)(50)(2.00 m)’
N =50yields B= — =2.01-10" T.
[(0.500 m)’ +(2.00 m)z}
28.65.
i B d
l Ly
di2
Since the horizontal distance between points A and B is large compared to d, the magnetic field at point B
can be approximated by two parallel wires carrying opposite currents. By the right hand rule, the magnetic
field at point B is directed into the page from both currents. Since point B is a distance of d/2 away from
each wire, the magnitude of magnetic field at point B is twice that at point A. So, the strength of the
magnetic field at point Bis B = 2(2.00 mT) =4.00 mT.
28.66.
West
f : . /‘Noﬂh

.',_ d East
.“N- = E.I':!.'I.'I\
Applying the right hand rule gives the direction of the magnetic field due to the wire at the compass needle
in the westward direction. The magnitude of B, is

wire

-7
ul :(47z~10 T m/A)-500.0 A
27d 27-12.0 m

B =8.33uT.

8.33 uT
40.0 uT

B
The deflection of the compass needle is 56 = arctan[ — j: arctan[

Earth

J =11.8°. The deflection is

westward.
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28.68.

28.69.

28.70.

The magnetic dipole moment is defined as ¢ =iA =izR’. This means the current that produces this
magnetic dipole moment is i:/l/(ﬁRZ). Substituting the numerical values gives the current of

8.0-102 A m*
== 2 _407-10° Ax4.1-10° A,
7(2.5-10° m)

The potential energy of a current loop in a magnetic field is given by U =—fisB. The magnitude of the

magnetic dipole moment is u=iA=izR’. The direction of the magnetic dipole moment can be
determined using the right hand rule. In this case, the magnetic dipole is in the positive z-direction.

Therefore, it follows that /—JZiﬂ'RZ;:O.lO A~7r-(0.12 m)2 =45-10°z Am®. The energy is given by
U=-puB= (4.5 107z Am? )-(—1.5; T) =6.8-107 J. If the loop can move freely, the loop will rotate such
that its magnetic dipole moment aligns with the direction of the magnetic field. This means the magnetic
dipole  moment  is  p=45-10"(-z) Am’.  Thus  the  minimum  energy  is
U=-4510" Am’(~2)«(-1.52 T)=~6.8-10" J.

The magnitude of magnetic field inside a solenoid is given by B =y in= ,uoi(N / L). Simplifying this, the
number of turns of the wire is N'= BL/(,i). Putting in the numerical values, i =0.20 A, L =0.90 m and
(50107 T)(0.90 m)

=17904 = 18000 turns.
(47107 Tm/A)(0.20 A)

B=5.0-10" T yields N =

Applying Ampere’s Law around a loop as shown in the figure gives qSB-dE :Bqus: Hyi.... Thus, the

enc !

magnetic field is B = pi, /(272’7’). The enclosed current is given by i =i—

enc

when A__ is cross
total

sectional area of the shield that is enclosed by the loop and A_,, is the cross sectional area shield. This

total

means the areas are A =7(r’—a’) and A, =7(b* —a’). Thus the magnetic field inside the shield is

5t (l_rz—azj: ,uoi(bz—rzj

27Z'T’L v —a 27rrU72 —a

total
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THINK: The torque due to the current in a loop of wire in a magnetic field must balance the torque due to
weight.
SKETCH:

RESEARCH: The torque on a current loop in a uniform magnetic field is given by
7, = ux B=iNAx B=iNA(-z)x B. Using Newton’s Second Law, the torque due to the weight is found to

- = (1 ~ n 1 ~ A
be 7, :r><T—(Eaxjxmg(—z)——Eamg(xxz).

SIMPLIFY: Since the system is in equilibrium, the net torque must be zero: Zr =7, +7, =0.
Thus,

Ty =—T

w

~ — 1 ~ A 1 A A
—iNAzx B = Eamg(x xXz)= —Eamg(z X X).

~ = ~ 1
This means that the magnetic field vector is in positive x. Substituting B = Bx gives iNAB = Eamg. After
lamg~ 1 amg ~ mg o
2iNA~ 2iN(ab)" 2iNb"
(0.0500 kg)(9.81 m/s”) .
x=0.02453 T.
2(1.00 A)-50-(0.200 m)

simplifying and using A=ab, B=

CALCULATE: Substituting the numerical values produces B =

ROUND: Three significant figures yields, B =24.5 mT.

DOUBLE-CHECK: The magnetic force must be in the positive z-direction to balance gravity. By the right
hand rule, it can be seen that the magnetic field must point in the positive x-direction for this to occur.
This is consistent with the result calculated above. The result is reasonable.

THINK: In this problem, the net magnetic field due to two parallel wires is determined by adding the
contributions from the wire.
SKETCH:

+y
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RESEARCH: The magnitude of the magnetic field of a long wire is given by B= i/ (27Z'R). The net

magnetic field is B, =B, + B,. Because of the symmetry of this problem, the y-component of the
magnetic fields cancel out and only the x-component remains. Thus, the net magnetic field becomes

B =-BsinOx — Bsin0x = —2Bsin %
— i

B= sin@x
7R
o R*—(d/2) . e it
SIMPLIFY: Since sind =—~——————, the magnitude of the magnetic field simplifies to
B= ﬂ R? _d_2
7R? 4
CALCULATE: Inserting the numerical values of the parameters gives
(47107 Tm/A)(10.0 A) o (200102 m)
B= - (12.-107 mj =—=—————=1:843-10" T.
7(12.0:10”7 m) 4
ROUND: Keeping three significant figures, B =18.4 uT.

DOUBLE-CHECK: The magnetic field due to one wire at the same position is 16.7uT. It is therefore

reasonable that the answer for two wires is slightly larger than this, considering that the y-components
cancel out.

THINK: In this problem the force on a particle due to a magnetic field must balance the force due to
gravity.
SKETCH:

+x

RESEARCH: The force acting on the particle due to the magnetic field is F, =qvBsin@. Since the angle
between v and B is 90.0° the force due to the magnetic field becomes F, =qvB. This force must
balance the gravitational force which is given by F, =mg. Therefore F, =F, or qvB=mg.
SIMPLIFY: The magnetic field due to the current in the wire is B = i/ (27Z'd ) The change of the particle
is then found to be g=mg/ (VB) =mg2nd/ (v,uoi).
CALCULATE: Inserting the numerical values gives a charge of

(1.00-10° kg)(9.81 m/s” )27(0.100 m)

= =4.905-10"" C.
(1000. m/s)(47-107 T m/A)(10.0 A)

ROUND: Rounding the result to 3 significant figures gives g =4.91-10" C.
DOUBLE-CHECK: Dimensional analysis confirms the calculation provided the answer in the correct

(gfms' m]  [eslfms’]  [A)m] o eq
s TwAT A] ~ [isram)] ~ [os] - LA = 1€)

units: g =
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THINK: The torque on a loop of wire in a magnetic field is given by 7 = fix B, where f is the magnetic

dipole moment of the wire.
SKETCH:

|

N 2 B S "T—" ®
AL

+X

RESEARCH:
(a) Using the right hand rule, the direction of current is counterclockwise as seen by an observer looking
in the negative i direction as shown in the above figure.

(b) Using the magnetic dipole moment i =iNA#, the torque on the wire is 7 =iNA7nx B, where 7 is a
unit vector normal to the loop. Since ‘ﬁxf}‘:BsinQ and A=7R’, the magnitude of the torque is

7 =iNzZR*Bsiné.

SIMPLIFY: From the equation, the number of turns needed to produce 7 is N = +
7iR"Bsind
CALCULATE:
(b) Substituting the numerical values of the parameters yields
(3.40 Nm)
N, = =49.98 =50. turns.

7(5.00 A)(5.00-10% m )’ (2.00 T)sin(60.0°)

(c) Replacing the values of the above R with R=2.5-10" m gives the number of turns

(3.40 Nm)
N. = =100. turns.

" 7(5.00 A)(2.50-107 m)’(2.00 T)sin(60.0°)

ROUND: Not needed.
DOUBLE-CHECK: Since N is inversely proportional to R*, the ratio of the results in (b) and (c) is
N _ Rzz (Rl /2)2

LR 50
N

1
, R? R’ 4 200
THINK: Assuming the inner loop is sufficiently small such that the magnetic field due to the larger loop
is same across the surface of the smaller loop, the torque on the small loop can be determined by its
magnetic moment.

SKETCH:

"".\'
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RESEARCH: The torque experienced by the small loop is given by 7 = fix B. The magnetic field in the

center of the loop is given by B:%y The magnetic dipole moment of the small loop is

f=i,A, =i,xr'%.
SIMPLIFY: Combining all the above expressions yields the torque.

. e 2 e 2
~ .. oty » TG LT (o a | TR LT
T=\T|=|t,Tr X |X| — = XX yl=
1= (mr'3) ( 2R’ j 2R TR
CALCULATE: Putting in all the numerical values gives
n(4;z-10*7 T m/A)(14.0 A)(14.0 A)(0.00900 m)*
r= =1.254-107 N'm.

2(0.250 m)
ROUND: Rounding to 3 significant figures gives, 7=1.25-107 N m.
[T m/A][A][A][m2] B [N][A][mz] N
_ - [Nm].
[m] [A][m]
THINK: Two parallel wires carrying currents in the same direction have an attractive force. Two parallel

wires carrying currents in opposite directions have a repulsive force.
SKETCH:
o] e |1

L

L1

a
V

emfl emf,2

DOUBLE-CHECK: The units are correct: 7 =

r

RESEARCH: By considering the direction of emf potentials, the currents in the wires have the same
direction. Therefore the force between the wires is attractive. The force between the two wires is given by
_ Hohi, L

2ra

F

V V
SIMPLIFY: The currents through the wires are given by i, = R’ and i, = ;“:2. Thus, the force

Vv .V L Vv .V L
Hoemi Yemia™ Solving for R, gives: R, = Ho¥emts Vet
2mwaR R, 2maR F

CALCULATE: Substituting the numerical values gives

(47107 T m/A)(9.00 V)(9.00 V)(0.250 m)
R, = =5.063 Q.
27(0.00400 m))(5.00 2)(4.00-10° N)

ROUND: Rounding the result to 3 significant figures gives R, =5.06 Q.
DOUBLE-CHECK: To 1 significant figure, the value of R, is the same as R . This is reasonable.

becomes F =
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THINK: To solve this problem, the forces due to an electric field and a magnetic field are computed
separately. The forces are added as vectors to get a net force.

SKETCH:

(a) (b)
X | X | XF P X | X | X X $
X | X X X [_.A X X | X [_.

: | - A

X | X | X gf—so7 x X | x| X x
X | X X } X | X t_n X
X | X | XF| X | x| XF|Fx
X 1 X X X X + X X X

RESEARCH: Using the right hand rule and since the charge of proton is positive, the directions of forces
are shown above. The magnitude of the electric force on the proton is F, =gE, and the magnitude of the

magnetic force is F, =qvB.

SIMPLIFY:
F B—qE
(a) The acceleration of the protonis a =—"%= b i(vB —E).
m m m

(b) The acceleration of the proton if the velocity is reversed is

F —qvB—qE

a=—t - _p ="1279"__4p.,F)
m m

CALCULATE: Substituting the numerical values yields the acceleration

1.60-10™" e
(a) a:m((zoo. m/s)(1.20 T)~1000. V/m) =~7.28-10" m/s’
1.60-10" e
(b) a=—m((2oo. m/s)(1.20 T)+1000. V/m)=~1.19-10" m/s’
ROUND:

(a) a=-7.28-10" m/s’

(b) a=-1.19-10" m/s’

DOUBLE-CHECK: It is expected that the result in (b) is larger than in (a). This is consistent with the
calculated values.

THINK: The net acceleration of a toy airplane is due to the gravitational acceleration and the magnetic
field of a wire. However for this problem, the gravitational force is ignored.
SKETCH:

'i'_],’

1_—_ q =
d I F;\ L
+x
J:—j:
RESEARCH: Using a right hand rule, the magnetic force on the plane is directed toward the wire. The net
acceleration of the plane due to the magnetic field is a=F, /m=qvB/m.

qv iyl

SIMPLIFY: Substituting the magnetic field of the wire B= gi/ (27rd ) yields a = y—l
m

CALCULATE: Putting in the numerical values gives the acceleration:
(36:10° C)-(2.8 m/s)(47-107 T m/A)-(25 A)

_ 10-° 5
272(0.175 kg)(0.172 m) =1.674-10" m/s".

a=

ROUND: Rounding the result to two significant figures gives a=1.7-10" m/s’.
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DOUBLE-CHECK: It is expected that the result will be much less than the value of the gravitational
acceleration.

THINK: To do this problem, the inertia of a long thin rod is required. The torque on a wire is also needed.
The measure of the angle § is 25.0°, and the current is i=2.00 A. Let A=0.200-10"" m* and

B=9.00-10"T.
SKETCH:

Fat

/n

B 0
/ [
-—’ -

RESEARCH: The magnetic dipole moment of the wire is given by z = NiAn.

(a) The torque on the wire is 7 = fix B. The magnitude of this torque is 7 = uBsinf = NiABsin6.
(b) The angular velocity of the rod when it strikes the bell is determined by using conservation of energy,
thatis, E, =E; or U, +K, =U, +K,.
SIMPLIFY:
(a) 7= uBsind = NiABsin6.
(b) Since K, =0, the final kinetic energy is
K, =U, -U,

%Ia)2 =—uBcosf + ,uBcos(O") =—uBcosf+ uB= ,uB(l—cos@)

1
, using I =EmL2, the inertia of a

Thus the angular velocity is = \/ 24481 = cos6) = \/ 2NiAB(1 - cos)

I (1/12)mL
thin rod.

CALCULATE: Putting in the numerical values gives the following values.

(2) 7=(70)(2.00 A)(0.200-10™* m”)(9.00-10 T)sin(25.0°)=1.06-10"* N'-m

1/2

2(70)(2.00 A)(0.200-10™ m*)(9.00-107 T})(1-c0s25.0°) L ead)
=1. rad/s

(b) =

(1/12)(0.0300 kg)(0.0800 m )’

ROUND: Rounding to 3 significant figures yields 7 =1.06-10" Nm, @=1.72 rad/s.
DOUBLE-CHECK: The torque should have units of Newton-meters, while the angular velocity should
have units of radians per second.

THINK: Using a right hand rule, the sum of the magnetic fields of two parallel wires carrying opposite
currents cannot be zero between the two wires.
SKETCH:

® Wire 1 -

® Wire 2 : [

1 2 +x

——9

=i
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RESEARCH: The magnitude of the magnetic field of a long wire is B = g/ (271'R). Since i, <i, and i is
in an opposite direction to i,, using the right hand rule, it is found that the location of the zero magnetic
field must be to the left of the left-hand wire, as shown in the figure. Assuming the location is a distance x
b M

to the left of the left-hand wire, then the net magnetic field is B, , =B, — B, = =
2r(x+d) 2rx

1

SIMPLIFY: Solving for x yields

i i L . id
——=1L = xi,=ix+id > x=——
x+d x i, =i,
Since i, =2i,
id
x=—+—=d.
2i, —1,

CALCULATE: Not required.
ROUND: Not required.
DOUBLE-CHECK: This result is expected since the ratio of 7, /i, =2. This means the ratio of distances is

d—zzﬁzz also.
d d

1

THINK: In order for a coil to float in mid-air, the downward force of gravity must be balanced an upward
force due to the current loop in the magnetic field.

SKETCH:
m +y |i] +y

Rl
)

mg

In plane of loop

RESEARCH: By using right-hand rule 1, the direction of the forces can be determined. For the y-
component B, of the magnetic field the force due to the current is in the radial direction of the coil.

Therefore, this component cannot be responsible for levitating the coil. For the x-component B, of the
magnetic field, with a counterclockwise current as viewed from the bar magnet, the resulting force is in the
y-direction, towards the bar magnet (see figure on right). This is the correct direction for balancing the
weight of the coil. The magnitude of the y-component of the force on an element dl is

dFy:Ni‘dfxE sin@ = NiBsin@dl. Thus the total magnetic force on the current loop is

F, = jm NiBsin@dl. Newton’s Second Law requires that F, = mg.
0 Y
SIMPLIFY: The integral simplifies to: F, =27RNiBsin6. Therefore,

mg

27RNiBsinf=mg = i=———>——-.
27RNBsin 8
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CALCULATE: Substituting in the numerical values yields

(10.0-107 kg)(9.81 m/s?)
i= —4.416 A.
27z(5.00-10‘2 m)10.0(0.0100 T)sin(45.0°)

ROUND: To 3 significant figures, the current is i =4.42 A, counterclockwise as viewed from the bar
magnet.

DOUBLE-CHECK: It takes large currents to generate strong magnetic forces. A current of 4 A is realistic
to levitate a 10 g mass.

THINK: In this problem, Ampere’s Law is applied on three different circular loops.
SKETCH:

RESEARCH: Loops L, L, and L, are Amperian loops.
(a) For distances r <a, applying Ampere’s Law on the loop L, gives 95§ -ds=BQnr)=p,i_.. Since
i,.. =0, the field is also zero, B=0.

€l

(b) For distances r between a and b, applying Ampere’s law on the loop L, yields
ﬁ(rz—az)' -

ﬂ(bz—az)l b —a*

@E -ds=BQnr) = Hyi.... The enclosed current is givenby i, =A_i/Aori, =

enc €]

(c) For distances r > b, applying Ampere’s Law on L, gives B = Holene  Hof , since i__=1i.
2rr  2mr

(22
i (7 -a')
2zr (b2 —az)
CALCULATE: Putting in the numerical values gives
(a) B=0

(47107 Tm/A)-(0.100 A) | (6.50 cm )’ —(5.00 cm )’ .
(b) B= . 5 - |=2212-107 T
27(6.50-107 m) (7.00 cm)” —(5.00 cm)

SIMPLIFY: Thus, the magnetic field is B =

47-107 Tm/A)-(0.100 A)
27(9.00-107 m)
ROUND: Keeping 3 significant figures yields the following results for (b) and (c). Note that the value

found in (a) is precise. (a) B=0 (b) B=2.21-10" T (c) B=2.22-107 T
DOUBLE-CHECK: The units of the calculated values are T, which is appropriate for magnetic fields.

(C)Bz( =2222-107 T
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THINK: To solve this problem, the current enclosed by an Amperian loop must be determined.
SKETCH:

RESEARCH: Applying Ampere’s Law on a loop as shown above gives @B -ds =BQ2nr)=pi, . i, isthe
current enclosed by the Amperian loop, thatis i, = _H J(r)dA = J‘OMJ‘(: J(r")y'dr'dé.

SIMPLIFY: Since J(r) is a function of r only, the above integral becomes i :2ﬂjor](r')r'dr'.

C

Substituting J(r)=J,(1—r/R) yields

, 1"'2 7’,2 rrS r 7"2 7’3
i =27] r'——\dr'=2n] | ——— | =2x] | ———|.
" "L{ R} { 2 3R ‘L2 3R

e u2nj | r’ 1 ror
Thus, the magnetic field is B= Py { 3 3R} = ,uolo[ }
CALCULATE: Not required.
ROUND: Not required.
DOUBLE-CHECK: The form of the answer is reasonable.

THINK: The maximum torque on a circular wire in a magnetic field is when its magnetic moment is
perpendicular to the magnetic field vector.
SKETCH:

H +y
B L_,_ )
Z B0 | i

4 Fi
~— =

RESEARCH: The torque on the circular wire is given by 7 =uxB. The magnitude of the torque is
7= uBsin@ where 6 is the angle between sand B.
SIMPLIFY:
(a) The maximum torque is when §=90°, that is, 7= uB. Using y=iA=izR’, the torque becomes
r=izR’B.
(b) The magnetic potential energy is given by U =—uBcos6. The maximum and the minimum potential
energies are when 6 =180° and 6=0° thatis, U__ =+uBand U_, =-uB.
CALCULATE: (a) Inserting the numerical values gives the torque:
7=(3.0 A)7(50-107 m) (5.0-10° T)=1.18-10" N m.
(b) Since the values of B is the same as in (a), the range of the potential energy is
AU=U, -U, =2uB=2-12-10"]=24-10"].

ROUND: Keeping only two significant figures yields 7=1.2-10" N mand AU =2.4- 10 7.
DOUBLE-CHECK: The change in potential is a change in energy, so it is appropriate that the final answer
have joules as units.
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Exercises 28.85-28.87 The magnetic field at the center of an arc of radius R subtended by an angle @ is

i
B, —IdB I® Hy le¢ :uol
0 47 R’ 47R’
In this loop we have three sections:

1: R=r,d=7/2
2: R=2r,®d=7x/2
3: R=3r, ®=r.

The segments running directly toward/away from point P have no effect. So the magnetic field at P is

| T
,u()l(j ﬂol(j 1 . . . . . . .
v 4 1
BB +B,+B,—— 2/ \2 +ﬂo( )=#01+ﬂ01+ﬂ01=6ﬂ01+3#01+ ot _ 1344t
4z(r) 4m(2r) 4m(3r) 8r 16r 12r 48r 48r 48r  48r

. 13(47-107 Tm/A)(3.857 A
2885, B= M _ (4 m/A)( )=9.303~10‘7 T
48r 48(1.411m)
28.86. Boithl
48r
. 13(47-107 Tm/A)(3.961 A
_ 13 (47 m/A ) ):1.869m
48B 48(7.213-10’7 T)
28.87. B= thl
48r
48(2.329 5.937-107 T
_a8rB _ 48( m)( ) — 4063 A
134, 13(47:107 Tm/A)

Ni
Exercises 28.88-28.90 The magnetic field inside a toroidal magnet is given by B= %
zr

2888, p=toNi
2xr

_2arB_27(1.985 m)(66.78-107 T)
toi (47107 Tm/A)(33.45 A)

=19,814

To four significant figures, the toroid has 19,810 turns.

28.80. p=toV
2nr

27rB 27(1216 m)(78.30-10° T)
N (47107 Tm/A)(22,381)

=21.27 A

wNi (47107 T m/A)(24,945)(49.13 A)

28.90. B= =
27r 27(1.446 m)

=0.1695T=169.5 mT
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